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ABSTRACT
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Doctor of Philosophy

by Stuart J. MacFarquhar

Research in silicon photonics is accelerated by the extensive understanding of silicon
fabrication from the microelectronics industry, and silicon appears to be ideally placed
to offer a solution for the integration of photonic layers onto an electronic chip. However,
the manufacture of a crystalline silicon film requires high temperatures incompatible with
back-end-of-line integration with the complementary metal-oxide semiconductor process
flow. Significant interest therefore lies in research into low-temperature fabrication of
alternatives to crystalline silicon. This thesis presents a direct laser crystallisation tech-
nique suitable for use in a low-temperature fabrication process flow, and demonstrates

its applications in a range of semiconductor materials.

Laser writing is used to define waveguides in thin films of hydrogenated amorphous
silicon, which has attracted attention for optical applications due to its low transmis-
sion losses and high nonlinear refractive index. A lithography-free waveguide definition
process is proposed, and the optical loss of the resulting waveguides is measured and

compared to those in conventionally fabricated waveguides.

The laser crystallisation process is then applied to etched wire structures in low tem-
perature deposited amorphous silicon, maintaining a substrate temperature below the
thermal budget for back-end-of-line integration. The material and optical properties
of the resulting polycrystalline material are investigated by Raman spectroscopy, X-ray
diffraction crystallography, cutback transmission measurements and nonlinear optical
characterisation, and found to be comparable to those of single-crystal silicon. Most
significantly, the lowest losses to date are recorded at 2.4 dBcm™!, and third-order non-

linear characteristics in or near the range reported for crystalline silicon are measured.

Finally, the application of the laser writing process to silicon-germanium is investigated.
Silicon-germanium is a binary alloy with composition-dependent properties and applica-
tions. The laser writing system is used to carry out localised tailoring of the germanium
fraction. The change in local composition is investigated by Raman spectroscopy, elec-
tron microscopy and finite-element simulation, and the effect on the photoconductivity

is studied.
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Chapter 1

Introduction

1.1 Silicon Photonics

Originating in the 1980s from the pioneering work of Soref and Lorenzo [1], [2], the
field of silicon photonics has vastly outstripped market value predictions as it takes an
ever-greater role in the telecommunications industry [3], [4]. This is due in part to the
significant body of research which has been carried out into semiconductor fabrication

technology for microelectronics, which can be translated into the photonics domain.

Crystalline silicon (¢-Si) has a multitude of attractive properties for optical applica-
tions. The high refractive index at telecommunications wavelengths (n = 3.64 at
A = 1550nml[5]) enables small waveguide dimensions while maintaining good optical
confinement, minimising the waveguide footprint and therefore maximising component
density. The broad transmission window in the infrared (IR), ranging from 1.1 pum to
7um, allows low-loss waveguides across the telecommunications wavelength range and
beyond, and the excellent nonlinear properties of silicon hold the potential for on-chip

optical signal processing.

Since the first demonstration of waveguiding in silicon, a multitude of photonic devices
have been developed, including sub-1dBcm™! loss waveguides [6], optical filters for
wavelength multiplexing [7], electro-optic modulators [8], ring resonators [9], [10], and
on-chip lasers [11]. Furthermore, with the inclusion of germanium, telecommunications-
wavelength photodetectors have also been fabricated [12]. This broad range of appli-
cations, when considered in tandem with the requirement in microelectronics for high-
bandwidth communications beyond the limits of metal interconnects, has resulted in
significant research interest in the integration of silicon photonics with complementary
metal-oxide semiconductor (CMOS) microelectronics. To fully demonstrate viable inte-
grated optoelectronic circuitry, the fabrication of both passive (e.g. bus waveguides and
ring resonators) and active (e.g. sources and detectors) components must be achieved

in an integrated optical system.
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Integration of photonic circuits on electronics layers in c¢-Si has been demonstrated [13],
with an example of an optoelectronic layer shown in Figure 1.1. The fabrication of
electronic transistors alongside waveguides demonstrates the capacity for parallel inte-
gration, but this is not without some significant drawbacks. The thin insulation layer
in electronics is insufficient for optical purposes, and so selective underetching must be
carried out to avoid significant optical losses. The component density is also limited,
with four “paperclip” waveguides at the top of the die in Figure 1.1 occupying an area
approximately equal to that required for 250,000 transistors. Therefore, multilayer pho-
tonic integration is desirable to maximise the real estate available for electronics and to

minimise design constraints.

FIGURE 1.1: A silicon die with photonic and electronic components, from [13].

Thin films of photonic ¢-Si can be fabricated by epitaxial growth, however this process
requires substrate temperatures between 600 °C and 1100 °C [14]. This process is there-
fore incompatible with back-end-of-line (BEOL) integration, as the CMOS metallisation
step imposes a thermal budget of 450 °C to all subsequent process stages. In an attempt

to avoid this temperature limitation, other integration processes have been investigated.
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Front-end-of-line integration (i.e. before the CMOS metallisation stage) has been stud-
ied, allowing conventional annealing of the photonic silicon. However, the subsequent
CMOS temperature cycles were shown to degrade waveguide performance, increasing
optical losses by 32% [15]. Flip-chip bonding, common to the electronics fabrication
processes, is a promising option for photonic integration. Photonic chips can be indepen-
dently fabricated, avoiding the temperature limitations of fabrication on an electronics
chip, and the completed chips are then bonded together, positioned using high-precision
alignment systems [16]. However, this has the consequence of increasing the fabrication
cost by adding a new stage that requires expensive equipment for high-accuracy place-
ment. Alternatively, co-packaging approaches have also been investigated, offering high
interconnection density and scalable design features[17]. However, some limitations are

present, in particular the limited accuracy of standard high-volume fabrication devices
[18].

To overcome these problems, attention has turned to other silicon-based materials with
the capacity for direct integration, including polycrystalline silicon (polysilicon), hy-
drogenated amorphous silicon (a-Si:H) and silicon-germanium (SiGe), the materials of

interest in this thesis.

1.2 Materials of Interest to This Thesis

Polysilicon consists of ¢-Si grains with amorphous silicon (a-Si) boundaries, with the
electrical and optical properties dependent on the relative amorphous and crystalline
content. The irregular bond lengths, dangling bonds and defect sites in a-Si cause optical
and electrical scattering, and optical loss by absorption. Therefore, a significant body of
research has been carried out with the goal of maximising the grain sizes of polysilicon
films [19]-[35]. A more detailed discussion of the material properties of polysilicon and

the existing research are provided in Section 2.1 and Section 5.2.

Early researchers investigating polysilicon for waveguiding fabricated polysilicon films
by either direct deposition, or by post-deposition oven annealing of a-Si [28], [36]—[44].
However, these processes use high substrate temperatures in excess of the CMOS ther-
mal budget. Later work investigated the crystallisation of a-Si films by excimer laser
annealing (ELA) [45], [46], a method common to the manufacture of thin-film transistors
(TFTs) [26], [27], [32], [47], [48]. By applying the heat treatment directly to the a-Si
in short bursts, laser crystallisation is achieved without significant heat transfer to the

substrate.

Following investigations into continuous-wave laser annealing (CWLA) of silicon-core
fibres [33], [34], work began in our group to study the application of a similar procedure
to planar geometries [49]. Already an area of investigation in the electronics industry,

where maximisation of grain size is desirable for TFT applications, part of this thesis
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is an investigation into CWLA of low-temperature deposited planar a-Si films, with the
goal of producing low loss polysilicon waveguides suitable for optoelectronic integration.
The objective was to reduce losses, from the current best achieved value of 5dBcm™!
reported by Franz et al. [35], to better than 3dB cm ™1, as effective nonlinear propagation

has been seen in optical fibers with losses at this level.

Hydrogenated amorphous silicon as an optical material has been widely investigated due
to its low transmission losses [50] and nonlinear properties [51]-[53]. With its favourable
deposition flexibility, it is a potential material for multilayer photonic systems. Although
its electrical properties are limited by the amorphous structure, its potential for use as a
low-dimension optical interconnect or for signal processing is significant. Waveguides in
a-Si:H are typically defined lithographically, however scattering losses from waveguide
sidewall roughness has been identified as a significant source of loss in etched waveguides
[6], [54]. The work on a-Si:H in this thesis was carried out to investigate a novel process
of waveguide definition, using direct laser writing to create a polysilicon cladding in a

lithography-free process flow.

Finally, the binary alloy silicon-germanium has been widely investigated due to the
modifications to the optical and material properties associated with the incorporation of
Ge. For example, the bandgap of SiGe is lower than that of c-Si, enabling photodetection
[12]. Additionally, the nonlinear properties of SiGe are superior to those of c-Si [55], [56],
and so its applications for signal processing have been considered. These applications,
and others, often make use of graded material content, which under standard fabrication
techniques is limited to vertical tailoring. This work investigates the use of direct laser
writing to induce highly localised lateral compositional segregation, and investigates the

resulting changes in material properties.

1.3 Thesis Outline

Chapter 2 of this thesis sets out the theoretical background for this work. First, the
relevant optical and material properties of ¢-Si, a-Si:H, polysilicon and SiGe are given,
and the resulting suitability of these materials for photonic applications is discussed. The
mechanisms of crystallisation are then described, in the context of common methods
of fabrication of polysilicon films. The mechanisms of optical loss are then outlined,

followed by the essential mathematics of optical waveguiding and dispersion.

Chapter 3 discusses the techniques used in the manufacture, processing and characterisa-
tion of the samples studied. Material growth by plasma-enhanced and hot-wire chemical
vapour deposition (CVD), etching by electron-beam lithography, and the system used
for localised laser crystallisation are described. In each case, a discussion of the suit-
ability of each method for optoelectronic integration is explained. This is followed by

an explanation of the processes for characterisation of optical and material properties
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by Raman spectroscopy, X-ray diffraction crystallography and cutback transmission loss

measurements.

Chapter 4 covers the experimental work towards a new method of lithography-free waveg-
uide definition using localised laser crystallisation of a-Si:H to create the waveguide
cladding from low refractive index polysilicon. Following optimisation of the process-
ing conditions, the technique is compared to conventional lithography methods, and its

applicability to complex structures is considered.

Chapter 5 contains the bulk of the work for this project, pursuing the development
of a localised laser processing technique for producing low-loss polysilicon waveguides.
The crystalline quality, characterised using Raman spectroscopy and X-ray diffraction
crystallography, is compared to that obtained from other crystallisation techniques, and

record low losses are presented.

Chapter 6 follows on from the previous work, describing the efforts undertaken to demon-
strate the third-order optical nonlinear response in polysilicon. Following the discussion
of the uses of nonlinear optics in ¢-Si, the theory, measurement procedures, computa-

tional simulations and experimental results are presented.

Chapter 7 relates to work led by Dr Ozan Aktas, investigating the laser segregation
of materials in a silicon-germanium alloy. The chapter provides a background of the
motivation, proof-of-concept and fabrication, before focusing on my contributions to
the work - specifically, the determination of local material composition by analysis of
Raman spectroscopy measurements. The characterisation of the photoconductivity of
the laser-written SiGe stripes is then described, providing context for the broader scope
of the work.

Chapter 8 concludes the thesis, summarising the results obtained throughout the project,
highlighting the versatility of the laser crystallisation technique used, and demonstrating
the importance of novel contributions. Finally, potential avenues of further investigation

are discussed.

1.4 Contributions

The work reported in this thesis has been carried out by me, under the supervision of
Professor Anna Peacock and Professor Harold Chong. Some contributing work has been

carried out by others, as detailed here.

The deposition and, where appropriate, lithographical etching of samples was predom-
inantly carried out by members of Professor Harold Chong’s group in the Electronics
and Computer Science department. Of particularly great assistance in this regard were

Dr SweZin Oo and Dr Antulio Tarazona.
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X-ray diffraction crystallography measurements as detailed in Chapter 5 were carried
out mainly by myself with the assistance of Dr Sakellaris Mailis, Dr Yohann Franz and
Dr Ozan Aktas, and Dr Konstantin Ignatyev provided assistance in his capacity as
the principal beamline scientist for beamline 118 at Diamond Light Source. Dr Amar
Ghosh assisted with Raman spectroscopy measurements and collection of data for error
calculations. The Matlab script used in Chapter 6 to solve the nonlinear Schrédinger

equation was written by Professor Anna Peacock.

The work on silicon-germanium in Chapter 7 was led by Dr Ozan Aktas, who carried
out the bulk of the laser processing work. My main contribution was the writing and use
of a Matlab script to identify the germanium concentration from Raman spectroscopy

measurements.



Chapter 2
Background Theory

This chapter covers some of the fundamental physical concepts of the work undertaken.
First, the properties of a range of silicon materials are discussed, highlighting the op-
tical characteristics relevant to this thesis, and the advantages and drawbacks of each
material in regard to optoelectronic applications and fabrication. Following this, the
principles of crystallisation are covered, comparing the processes for furnace annealing,
excimer laser annealing and continuous-wave laser annealing. Sources of optical loss are
then described. The chapter concludes with a review of waveguide structures, mode

confinement and optical dispersion.

2.1 Properties of Silicon-Based Optical Materials

Silicon has been a material of interest for optical applications since 1985, when the use
of single-crystal silicon as a passive waveguiding structure was demonstrated [1]. This
was followed shortly afterwards by active components in 1986 [2]. Since then, other
silicon-based materials have also been used. Of particular interest to this thesis are

polysilicon, a-Si, a-Si:H and SiGe.

This section provides a brief overview of the compositional differences of these materi-
als, and discusses the effects of these on their optical characteristics. Figure 2.1 shows
the structural differences between crystalline (a), polycrystalline (b), amorphous (c)
and hydrogenated amorphous (d) silicon using a schematic lattice structure. The true
arrangement of a Si lattice is discussed in Section 3.2.2. Of particular note are the
amorphous boundaries separating crystalline grains in polysilicon and, within the amor-
phous areas, the irregular bond length and disconnected ‘dangling’ bonds, which can be

passivated with the addition of hydrogen.
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a)

FIGURE 2.1: Schematic structure of different forms of silicon. a) Single-crystal sili-

con has long-range order with a diamond-like lattice structure. b) Two crystal grains

(blue) separated by an amorphous grain boundary (orange) in polysilicon. ¢) a-Si with

dangling bonds and defects. d) Hydrogen atoms (green) passivate dangling bonds and
defect sites in a-Si:H.

2.1.1 Crystalline Silicon

Crystalline silicon has good electronic and optical properties, with an electron mobility
of around 1000 cm? V~1s~!, and an optical transparency window ranging from 1.1 jm
to 7pm [57]. The bandgap of 1.11eV causes absorption at shorter wavelengths (<
1.1 pm), as these photons have sufficient energy to excite an electron from the valence
to the conduction band. Losses as low as 2dBcm ™' have been measured at 1550 nm
in conventionally-fabricated small-core waveguides [58]. This is limited primarily by
the capabilities of current fabrication techniques, rather than being a material limit,
as losses of 0.31dBem™! have been reported in large-core c-Si waveguides [42]. The
primary source of loss has been shown to be surface roughness, discussed in greater detail
in Section 2.3.2, as small-core waveguides with surface roughness below 0.5nm have
exhibited losses of only 0.3dB cm ™" [6]. The high refractive index at telecommunications
wavelengths (n = 3.45) ensures good light confinement when used with the conventional
silica (SiO2) cladding, reducing waveguide dimensions and increasing component density.
Moreover, by comparison with other common optical materials such as SiO2, silicon has
excellent nonlinear properties, discussed further in Chapter 6. Silicon is widely used in
photonic applications, such as wavelength conversion [59], parametric amplification [60],

Mach-Zehnder modulation [61], and supercontinuum generation [62].

However, the capacity for optoelectronic integration of ¢-Si is limited by the constraints
of the material, and the different manufacturing process flows typical to electronics and
photonics. The standard electronics CMOS process flow makes the growth of additional
silicon layers for multilayer fabrication incompatible, due to the thermal budget imposed
by the ion implantation and metallisation stages [45]. Proposed alternatives include flip-
chip wafer bonding [63]-[65], and epitaxial growth of local silicon islands [66], however
these methods suffer from high cost and limited design options due to fabrication tol-
erances [46]. Another common approach is the use of polysilicon, either by deposition

or by laser annealing of amorphous silicon. In the case of laser annealing, care must be
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taken to minimise transfer of heat to the substrate, as the melting temperature of silicon

(1414°C) is significantly greater than the damage threshold for back-end integration.

2.1.2 Amorphous Silicon

Unlike ¢-Si, a-Si has no long-range order, with the consequence that the high variation
in bond length and the density of defects results in high absorption. However, the de-
position of high-quality films of a-Si at low temperatures is a well-established process.
The addition of hydrogen during the deposition process is used to passivate the dangling
bonds, and has resulted in measured losses below 1dBem™! [50], [67]. The refractive in-
dex of a-Si:H has been measured as similar to, but higher than that of ¢-Si, with n = 3.69
[50]. Active devices such as all-optical [68], and thermo-optic Fabry-Perot modulators
[69] have been demonstrated in a-Si:H, and the nonlinear parameters are favourable
when compared to ¢-Si. Narayanan and Preble reported a nonlinear coefficient v (dis-
cussed in Chapter 6) in a-Si:H five times higher than that in ¢-Si, suggesting that for
applications such as nonlinear optical switching, a-Si:H would be the more suitable ma-
terial [51]. The most significant drawback of a-Si:H is its poor electrical properties. The
electron mobility, estimated at 10cm? V=1s~! [70], makes it unsuitable for electronics

applications.

2.1.3 Polycrystalline Silicon

Polycrystalline silicon consists of multiple c-Si grains separated by a-Si boundaries. The
irregular bond lengths, dangling bonds, and defects within these boundaries contribute

to optical losses, the mechanisms of which are discussed in greater detail in Section 2.3.

Like the optical properties, the electrical properties of polysilicon are limited by the
amorphous content. Estimates of the electron mobility are around 100cm?V~1s~!
[38], limiting its use in electronic layers or for devices such as electro-optic modulators.
However, it is likely that advancements in fabrication technology that enable large grain

sizes would improve the mobility and expand the range of potential uses.

Despite the electron mobility being approximately an order of magnitude lower than
that in c-Si, it is sufficient for some applications. In particular, polysilicon has been
widely used in the electronics industry for solar cells and thin-film transistors. The
work on these has fuelled extensive research into deposition flexibility and fabrication
processes [19]-[27], [71]-[73], and the standard manufacture processes (low-pressure CVD
and laser annealing of amorphous silicon) are suitable for multilayer fabrication without
necessitating flip-chip bonding or epitaxial growth, which are required for multilayer c-
Si structures. This makes polysilicon a promising material for multilayer optoelectronic

integration, with the most significant barrier being the high optical losses [74], [75].
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However, in recent decades an extensive body of research in optics has driven the trans-
mission losses of polysilicon ever closer to the sub-3dBcm™! losses observed in c-Si
waveguides [15], [28], [36]—[46], [76]-[79]. As well as passive waveguides, a range of im-
portant optical components and effects have been demonstrated in polysilicon, including
optical modulation [40], [41], [46], ring resonators [38], [45], and bandgap tailoring in
fiber geometry [34]. A comprehensive discussion of these advancements is presented in
Chapter 5.

2.1.4 Silicon-Germanium

Silicon-germanium is a binary alloy, with the composition typically denoted as Siy_,Ge,
for an atomic Ge fraction 0 < x < 1. The incorporation of Ge influences the material
properties in a number of ways, most significantly changing the transmission window,
refractive index and material bandgap. Pure Ge has good transmission between 1.8 pm
and ~ 14pm, a refractive index of 4.2 at 1550 nm and a bandgap of 0.66eV. The
melting temperatures of Si and Ge are 1414 °C and 938 °C respectively, while the solidus
temperature in Si;_,Ge, is given by (1412 — 738z + 26322)°C [80]. In the SiGe alloy,
the composition determines the exact values of the material and optical properties,
making the precise tailoring of the Ge content a valuable tool for enabling a variety of
applications such as photodetection [81], electro-optic modulation [82], and nonlinear

optics [55].

Each of the materials discussed in this section present different requirements and limita-
tions in terms of fabrication. Crystalline Si and Ge require high-temperature processes
such as epitaxial growth to fabricate a high-quality film, limiting the range of systems
into which they can be incorporated. By contrast, a-Si:H requires lower temperatures
to avoid crystallisation or hydrogen out-diffusion. For ease of comparison between ma-

terials, the relevant parameters are summarised in Table 2.1.

2.2 Crystallisation

The manufacture of polysilicon through annealing of deposited a-Si has been an area of
extensive research in both the photonics and electronics industries [19], [21], [25]-[28],
[30]-[32], [36], [37], [47], [48], [93]-[95], as it is a suitable material for electronic com-
ponents such as thin-film transistors [21], [25], [26], [30], [32], [47], [48], [93], [94], and
has applications in solar cell technology [19], [21], [31]. In general terms, crystallisation
occurs in two distinct regimes - solid-phase crystallisation (SPC) and liquid-phase an-
nealing. The methods discussed here, furnace annealing and laser annealing, typically
make use of solid-phase and liquid-phase annealing respectively. Optimisation of the ma-

terial for electronic component performance has driven the interest in low-temperature
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Material Property c-Si a-Si:H  Sip.2Gep.8 c-Ge

Transmission Loss (dBcm™!) 2 [58] 2 [67] 1.3 [83] 1.4 [84]
Transmission Window (pm) 1.1-7 07-7 15->7 18-14

Refractive Index 3.45  3.69 [50]  3.86 [85] 4.2
Bandgap (eV) 111 1.85[86] 0.80 [87] 0.66
Brea (10712m W) 4-9  7[88] High* [89] ~120 [90]
ng (107 ¥ m2 W1 43-6 17 [8§] 13 [89) 4 190]
Electron Mobility (cm?V~'s~1) 1000 10 500 [91] 3000 [92]
Melting Temperature (°C) 1414 1097 [80] 938

TABLE 2.1: Direct comparisons of material properties of c-Si, a-Si:H, SiGe and c-Ge.

Values for the transmission loss and nonlinear coefficients are given at A = 1550 nm

except for Ge, where they are given at 2 um. Transmission losses are taken for single-

mode waveguides, therefore dimensions vary. Refractive indices are given at 1550 nm.

Where relevant, T = 293 K. *Exact data not given, but value indicated to be in excess
of 25 x 1079 m W~

processes to maximise crystal grain sizes, as increasing crystal grain size is linked with

improved electronic properties [95].

2.2.1 Solid-Phase Furnace Annealing

The furnace annealing process offers a high throughput, as a-Si is crystallised in a high
temperature oven and so many samples can be treated at once. In early experiments
in polysilicon for optics, samples were subjected to uniform heating to temperatures
between 600°C and 1100°C [28], [36], [37]. It was noted by Liao et al. that “a high
temperature (1100 °C) thermal treatment yielded lower losses than a lower temperature
(600 °C) anneal because of improved degree of crystallinity, larger grain size, fewer grain
boundaries and fewer light-absorbing dangling bonds.” [37]. Generally speaking, en-
largement of grain sizes reduces optical loss by increasing the crystalline fraction of the
material, reducing the interaction between the propagating light and the absorption and
scattering sites in the amorphous boundaries. Grain sizes of approximately 0.2 pm were
obtained using this approach. However, furnace annealing is not suitable for the matur-
ing field of polysilicon photonics. Back end of line integration with the CMOS process
flow imposes a thermal budget of 450 °C, as higher temperatures risk damage to metal
contacts in the electronics layers [38], [96]. To avoid exceeding this, other approaches

such as laser annealing must be explored.

2.2.2 Laser Annealing

Laser annealing and crystallisation of polysilicon falls into two main categories. The first
is excimer laser annealing, which uses a pulsed laser, typically homogenised over an area

of several square centimetres, to induce rapid crystallisation in thin films. The second,
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continuous-wave laser annealing, typically crystallises smaller areas and has therefore
been less widely adopted due to the lower manufacture volume throughput. Here I will
discuss the development of each technology, the bulk of which has been carried out in the
field of electronics due to the suitability of polysilicon for TFT applications. The main
focus here will be on the increase in crystal grain sizes, as the reduction of scattering

and absorption at grain boundaries was a major objective for this project.

2.2.2.1 Excimer Laser Annealing

Excimer laser annealing uses a near-UV pulsed laser to crystallise an amorphous film, and
is commonly used in the electronics industry, thanks to high volume output. The incident
laser beam is homogenised and expanded to cover an area of several square centimetres.
The pulsed laser transfers a large amount of energy in a short time, crystallising the

amorphous film but avoiding heating the substrate.

ELA can be divided into two main regimes, labelled as low energy density and high
energy density [27], distinguished by whether the incident energy is sufficient to fully
melt the exposed volume. In the low energy density regime, crystal grain size has a
slight dependence on energy fluence, until the incident power is sufficient to nearly fully
melt the film. The remaining solid areas act as nucleation sites, seeding crystallisation
as shown in Figure 2.2a. Grain size shows a significant increase when fluence is sufficient
to prompt super-lateral growth (SLG), in which only a small number of residual solid
regions remain in any given volume (Figure 2.2b). The seeded crystals are therefore
significantly larger. In the high energy density regime, crystal grain size is unaffected by
the fluence, as complete melting of the film has been achieved, and so no solid material
remains to act as a nucleation site. The nucleation is therefore spontaneous, occurring
throughout the entire molten volume, and the resulting crystals are smaller than in SLG,

as seen in Figure 2.2c.

Typical grain sizes from ELA are in the range of 0.1 um to 0.9 pm [26], [27], [32], [47],
[48], with grain sizes beyond ~ 0.3 pm only achieved from SLG. The presence of the
amorphous boundaries places limitations on the optical and electrical properties of ELA-
produced polysilicon, with electron mobility of approximately 100 cm? V=1 s~! [47], and
optical losses of around 20 dB cm™! [46].

2.2.2.2 Continuous-Wave Laser Annealing

Research has been conducted on the use of CWLA of a-Si films for electronics ap-
plications [19]-[25], [30], [31], [71], [72], [93], [94], [97]-[99], with some focus on the
maximisation of grain size in planar films. Unlike ELA, maximum grain size is achieved

when the incident laser power approaches the ablation threshold of the film [100]. The
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Molten Si

Crystalline Sl

Residual Solid Sl

FIGURE 2.2: Cross-section schematics of grain growth during during excimer laser

annealing. a) Low energy density exposure leaves many solid regions which act as

nucleation sites for small crystal grains. b) In super-lateral growth, few solid points

remain and these seed large crystal growth across the film. c) In the high energy density

regime, the exposed film is completely melted and crystal nucleation is spontaneous,
resulting in small crystals.

high fluence, in combination with the long exposure time relative to ELA, results in long
cooling times which encourages the growth of larger crystals (approximately 600 pm was

reported by Kawamura et al. [25]) from a smaller number of nucleation sites.

These large grain sizes were achieved with a shaped beam, as using a Gaussian beam
profile results in a high energy transfer to the film at the beam centre, but the lower laser
fluence at the beam edges does not raise the temperature to the same extent. The outer
edges therefore crystallise first with a large number of small crystals, and these smaller
crystals then act as seeds for larger ones which grow inwards towards the centre of the
beam path, as shown in Figure 2.3a. This growth tendency results in a characteristic
‘chevron’ pattern visible under a scanning electron microscope (Figure 2.3b). The grain

boundaries across the waveguide cause high scattering and absorption losses.

Scan direction

— — Former beam position
—— Grain growth tendency

e 1erm F2 LOI
7KV X2,000 24mm

FI1GURE 2.3: Grain structures in planar laser-crystallised polysilicon are a consequence

of the heat distribution profile across the Gaussian beam. a) Crystallisation begins at

the outer edges and propagates towards the beam path centre as the material solidi-

fies. b) Scanning electron microscope image of chevron-structured grains from CWLA
following selective etching of the amorphous material, from [100].
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However, laser crystallisation of silicon in a confined geometry, specifically the core of
a silicon fiber, showed that it was possible to achieve single-crystal growth across the
full material width [34]. In particular, it was proposed that the confinement of the
core ensured complete melting of the silicon, eliminating nucleation from residual solid
material and supporting the growth of large crystal grains. The altered dynamics of
the crystallisation process mean that here, unlike in ELA, complete melting is desirable
and results in large grains rather than small ones. As the laser is scanned along the
fibre length, the molten zone moves, so that the crystallisation of the cooling material
is seeded from the previously crystallised volume. Without additional nucleation sites,
this becomes the dominant seed, and the crystal growth follows the laser spot along the

fiber core as shown in Figure 2.4.

Solid a-Si . Solid c-Si - Molten Si Laser spot

FIGURE 2.4: Laser crystallisation in a confined fiber core. As molten material solidifies,
crystal growth is seeded from the previously crystallised areas.

This complete melting and nucleation suppression is potentially replicable in on-chip
geometries by etching waveguide structures in advance of crystallisation, as shown in
Figure 2.5. This was first investigated by Franz et al. [35], who obtained the best
results by carrying out the crystallisation process with a laser spot diameter larger than
the width of the target waveguide. The Gaussian beam profile transfers less heat at
the edges of the laser spot, causing solid-phase crystallisation in a planar film. This
issue is avoided in an etched waveguide, as complete melting is achieved, with roughly
homogeneous energy transfer at any given point reducing the tendency for nucleation at

the outer edges of the waveguide.

In summary, furnace annealing typically produces low grain sizes of approximately
200nm, and despite the high production capacity is unsuitable for integrated optoelec-
tronic systems due to the high temperatures required. ELA also offers a high volume
throughput, but grain sizes remain limited to below 1 pm. CWLA is the slowest process,
but compensates for this with significantly larger grain sizes. In planar films, grains of
up to 600 pm have been reported [25], while the constrained fiber geometry has allowed

the growth of single-crystal material along the entire processed length.
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a) b)

FIGURE 2.5: Heat confinement in a) planar and b) etched structures, showing how
etching reduces thermal transfer. The Gaussian profile across the incident laser beam
shows the beam intensity profile.

2.3 Optical Loss

Although much work has gone into increasing the grain size in polysilicon, the optical
loss measured within a material at the wavelength of interest is the most important
characteristic in determining its suitability for photonic applications. The reduction of
loss in polysilicon has been the driving focus of research into polysilicon photonics. In
this section, I will provide an overview of the sources and mathematical treatment of

optical loss.

Equation 2.2 shows the exponential attenuation of light passing through a medium, with

the intensity I at a distance z through the medium given by

I(z) = Ipe™#*, (2.1)
where Iy is the initial intensity, and p is an attenuation coefficient with units cm™?.

Isolating the attenuation coefficient gives

f=—=Tn <@> (2.2)

z IO

For experimental measurement of loss, it is easier to rewrite this in terms of the input
and output power (P, and P,,) from a given length of material L, and convert to a

logarithmic decibel scale. The loss coefficient a (units dB cm™1) is then

10log;y < Pin )
ao=——""-"—|— 2.3
L Pout ( )

Note that the negative sign has been removed for consistency with the rest of this thesis,

in which the losses will be reported as positive values.
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Contributions to the linear loss a arise from several different sources. Applicable to the
materials and waveguides studied in this thesis are absorption, Rayleigh scattering and

surface roughness.

2.3.1 Absorption

Optical absorption in a semiconductor material such as silicon arises primarily due to
the excitation of electrons from the valence band to the conduction band. The silicon
bandgap of 1.11 eV ensures low single-photon absorption at standard telecommunications
wavelengths, as 1550 nm light has a photon energy of 0.8e¢V. The transmission spectra

of 5mm crystalline silicon and crystalline germanium are shown in Figure 2.6.

Additionally, in-grain defects in the crystal structure and dangling bonds at crystal
grain boundaries create bandgap states, which cause greater absorption in polycrystalline
materials. Increasing crystal grain sizes therefore reduces optical loss to approach values

similar to that of a crystalline material.

60 1 \
< Silicon
E Germanium
g 40
2 20 r
:
H
0 1 1 1 1 1 1 1 | 1

0 2 4 6 8 10 12 14 16 18 20
Wavelength (1 m)

FIGURE 2.6: Transmission through 5mm Si and Ge in the wavelength range 0.2 pm to

20 pm. The sharp increase in transmission at 1.1 pum in Si and 1.8 pm in Ge corresponds

to the wavelength below which photons are sufficiently energetic to excite electrons
across the bandgap. Data from Thorlabs [101], [102].

2.3.2 Scattering from Surface Roughness

Surface scattering a from a rough waveguide sidewall results from the coupling induced
by these imperfections between guided and unguided modes, the complete mathematical
consideration of which was developed by Marcuse [103]. For an approach more specifi-
cally tailored to scattering into radiation modes, a simpler alternative was developed by
Payne and Lacey [104]. They derived the expression

o2

" Vkod'n,

Qg

g(V) fe(z,7) (2.4)
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for a waveguide of width 2d, root mean square (rms) surface roughness o and refractive
index n; guiding a wave with free-space wavenumber kg. The parameters g(V) and
fe(x,~) are dependent on the waveguide and material characteristics. Applying this to
the waveguides fabricated in this work, using kg = 4.05 x 105m~! (1550nm), approx-
imations of waveguide dimensions (d = 1.5pm), and material properties such as the
refractive index (n; = 3.45), the relation shown in Figure 2.7 is obtained between the

surface roughness and the scattering loss.

)
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FIGURE 2.7: Estimated relationship between waveguide surface roughness and resulting
scattering loss, based on the formulation in [104].

While Equation 2.4 was derived for single-mode systems, the general implication re-
mains valid - that the surface roughness plays a significant role in defining the minimum
transmission loss achievable in a waveguide. With 2 nm surface roughness resulting in
approximately 5dB cm ™! scattering loss, it is clear that significantly lower surface rough-
ness must be achieved to meet the target of 3dBcm™! transmission loss in polysilicon
waveguides. The presence of higher order modes in a waveguide would be expected to
increase scattering loss from surface roughness, as the different electric field distribution
would bring the intensity peaks closer to the sidewall. Additionally, the polarisation of
the guided mode influences scattering loss, with significantly higher losses from both the
upper surface and sidewall roughness typically being observed in TM modes compared
to TE modes [105], [106].

2.3.3 Rayleigh Scattering

Rayleigh scattering is an intrinsic loss mechanism resulting from density fluctuations in

the guiding medium. Taking the approximate form

QR = CR)\_4, (2.5)

where ag is the Rayleigh scattering loss, Cr is a proportionality term and A is the

wavelength of the scattered light, it can be seen that shorter wavelengths are more
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significantly affected. When the relevant materials in this thesis, a-Si:H and polysilicon,
are considered, the influence of Rayleigh scattering will be marginally different due to
the different approaches taken when fabricating waveguides. In a-Si:H, the number of
scattering points is dependent on the deposition quality, while in polysilicon waveguides
the crystallisation process is also a determining factor. Defects and grain boundaries
will cause Rayleigh scattering, and so by optimising the crystallisation process to reduce

these, the scattering loss can be reduced.

2.4 Waveguiding

This section discusses waveguide structures, and the mathematics of optical confinement

and dispersion.

2.4.1 Waveguide Structures

The key principle of optical waveguiding is the confinement of light in a high refractive
index core, which is surrounded by a low-index cladding. A wide variety of waveguide
structures are used in photonics, with some of the most common shown in Figure 2.8.
Ridge waveguides (a) are typically fabricated by lithography and have an air cladding
on three sides, while diffuse waveguides (b) are usually defined by ion implantation to
change the material composition in a selected region. Buried waveguides (c) are common
to multilayer photonic systems where a cladding is applied above a ridge waveguide to
act as insulation between optical layers, as well as to insulate the waveguide from the sur-
rounding environment. Slot waveguides (d) are commonly used for sensing applications,
where a gas or liquid entering the central slot alters the propagation of light through
the waveguide. This project focuses on ridge and diffused waveguides, however the prin-
ciples outlined may also be applicable to other structures. A variant on the diffused
waveguide structure using hydrogenated amorphous silicon is presented in Chapter 4,
while polysilicon ridge waveguides are presented in Chapter 5 and Chapter 6. Diffuse
structures in silicon-germanium are presented in Chapter 7, although the waveguiding

properties of these are not investigated.

Just as important as the waveguide structure is the refractive index contrast between
core and cladding. Increasing the difference between the core and cladding index im-
proves the optical confinement, influencing both the mode interaction with the core and
the minimum possible waveguide dimensions. The confinement in ridge waveguides,
with an air cladding, will therefore offer greater confinement than a buried waveguide.
Buried waveguides in common low-loss materials such as silica will also require larger
waveguide dimensions due to the lower refractive index contrast, enhancing the appeal

of silicon photonics for on-chip applications. However, a lower index contrast reduces
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b)

| . d)
FIGURE 2.8: Common waveguide structures with low-index cladding (blue) and high-
index core (orange), showing a) ridge, b) diffused, c¢) buried and d) slot waveguides.

the scattering loss from surface roughness, and so the influence of each factor must be

considered when selecting a material for a specific application.

2.4.2 Optical Confinement

An electromagnetic wave propagating in free space must satisfy Maxwell’s equations,

the solution to this being a plane wave with the electric field component taking the form

E(z) = Ee~hzeit, (2.6)

F is the amplitude of the wave, k is the wavenumber, z is the distance in the z-axis
along which the wave is assumed to be propagating, w is the frequency and t is time.
For a wave propagating in a non-vacuum medium such as a waveguide, the expression

becomes more complex. The generalised form of this is

E(z,y,2) = B(z,y)e” e, (2.7)

where E(z,y) is the electromagnetic field distribution in the = and y axes, and 3 is the
propagation constant. For simple systems, a solution can be obtained analytically, but
for more complex structures such as those studied in this thesis, numerical simulations
are required, as the polarisation and electric field direction can vary across the waveguide.
Figure 2.9 shows a simulation of the fundamental transverse electric (TE) mode of a
polysilicon waveguide such as those studied in Chapter 5. The simulation was carried out
using COMSOL Multiphysics, and shows the magnitude of E(x,y) across a waveguide

cross-section and the surrounding SiO2 substrate and air cladding.

From these simulations, values of the effective refractive index neg(w) and effective mode

area Aeg can be calculated. These values can then be used to determine the mode
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FIGURE 2.9: Simulated mode profile in a laser-crystallised polysilicon waveguide.

Colour scale shows normalised electric field intensity, arrows show field direction. The

shape, being neither rectangular nor cylindrical, prevents analytical calculation of the
mode profile, effective area or effective refractive index.

intensity and the optical dispersion for nonlinear simulations, as described in Chapter 6.
Calculation of neg also enables determination of 3, which is related to the effective index
by B(w) = neg(w)k, = neg(w)w/c, where ky is the free-space wavenumber of the wave

and c is the speed of light in vacuum.

2.4.3 Optical Dispersion

In a non-vacuum medium, a propagating wave will be subject to dispersion, which is most
evident when considering an optical pulse with many constituent frequency components.
Chromatic dispersion arises due to the refractive index of the medium. As the pulse
propagates, each frequency component will experience a different phase shift due to the
frequency dependence of the refractive index. Waveguide dispersion is influenced by the
waveguide geometry and the refractive indices of the core and cladding, which can be
used to calculate an effective refractive index neg. For non-trivial systems such as those
studied in this thesis, neg is calculated numerically, for example by using finite-element
method computation. To understand the influence of dispersion on a pulse, a Taylor

expansion of 3 around the central pulse wavelength wg can be used. This gives

a(w):50+51(w—w0)+%(w—w0)2+%(w—w0)3+... (2.8)

where

Bm = <ﬁ>w—m, (2.9)

dw™
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Typically, only the terms 1 and By are required for this analysis, as higher-order terms
become negligibly small. 3; governs the propagation velocity, or group velocity vy, of

the overall pulse, and is equivalent to

1 1 dn
-~ = =) . 2.10
A vg € (n * wdw) (2.10)
The term (s is known as the group velocity dispersion (GVD) parameter, and is given
by
P P (2.11)
> e Vdw dw? )’ '

This describes the rate at which a pulse spreads in the temporal domain as a result of
the phase shift experienced by each frequency component. The GVD can exist in three
distinct regimes. The first, where S > 0, is the normal dispersion regime, and lower
frequencies propagate fastest. The second, where 82 < 0, is the anomalous regime, and
the reverse is true. Finally, in the case where B3 = 0, the pulse is centred at the zero-
dispersion wavelength (ZDW) and higher order dispersion terms must be considered.
The ZDW is frequently used in applications which require phase matching, for example
where nonlinear processes such as four-wave mixing are desired. As the total dispersion
has influences from both the material and the waveguide dimensions, the structure can
be tailored to obtain propagation in a desired regime. Large waveguides are typically
governed by the normal dispersion regime, as the primary influence on dispersion is from
the material. As dimensions are reduced, the geometry changes the effective index, and

when the waveguide is small enough the anomalous dispersion takes over.






Chapter 3

Sample Fabrication and

Characterisation Processes

This chapter describes the general fabrication and characterisation processes used for
the samples investigated in this project. First, the processes for CVD, electron-beam
(e-beam) lithography and CWLA are presented, highlighting the suitability of each pro-
cess for the requirements of the projects in which they were used. The characterisation
processes used to assess the quality of the materials are then described, covering Raman
spectroscopy and X-ray diffraction crystallography. Finally, the optical coupling setup
used for linear transmission measurements is shown, and the method by which trans-
mission losses were calculated is explained along with a discussion of the methods used

for facet preparation.

3.1 Manufacture Processes

This section provides a description of the generic production stages used to fabricate
the samples investigated throughout this project. Two CVD techniques, hot-wire CVD
(HWCVD) and plasma-enhanced CVD (PECVD), are described, and the steps used in
e-beam lithography to define the waveguides are detailed. Finally, the setup used for
subsequent laser crystallisation of the samples is described. As a variety of materials were
studied, the exact fabrication conditions used for each are given in the relevant chapters.
The deposition and lithography stages were carried out by members of Professor Harold

Chong’s research group, due to their expertise in thin-film semiconductor fabrication.

3.1.1 Chemical Vapour Deposition

CVD processes are a mature technological field encapsulating a wide variety of distinct

methods for material production. However, all methods rely on the same basic principle

23
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in which a precursor gas is injected into a deposition chamber and broken down into
constituent parts, which then adsorb onto a substrate. In this work, two examples have
been used, HWCVD and PECVD. HWCVD was used to deposit a-Si and a-Si:H on c-Si
substrates with an optically isolating SiOs buried-oxide layer, while PECVD was used

to grow amorphous Sig 4Geq ¢ directly onto ¢-Si.

3.1.1.1 Hot-Wire CVD

Typical CVD processes such as low-pressure CVD present numerous challenges for ob-
taining CMOS-compatible device-quality a-Si or a-Si:H films. Most require high sub-
strate temperatures to aid the thermal decomposition of precursor gases, making them
unsuitable for the manufacture of integrated optoelectronic systems due to the back-
end-of-line thermal budget. In this regard, HWCVD offers a suitable alternative with
numerous advantages over other methods [107]-[109]. Specifically, high substrate tem-
peratures are unnecessary, as decomposition occurs when the precursor gas flows over a
high-temperature filament, as shown in Figure 3.1. Additionally, HWCVD is a plasma-
free process, eliminating the risk of damage occurring from high-energy ion impact dur-
ing deposition. Finally, HWCVD has demonstrated high deposition rate and uniformity
over large areas, ideal for both high-turnover experimental work and larger-scale high-

throughput manufacture.
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FIGURE 3.1: Schematic representation of a Hot-Wire Chemical Vapour Deposition

chamber during the deposition of an amorphous silicon film. The silane precursor

undergoes thermal decomposition into silicon radicals, which are deposited on the sub-
strate, and gaseous hydrogen, which is removed from the chamber.

Filament

[

The HWCVD process is as follows. After the evacuation of the deposition chamber,
both the substrate and the tungsten filament are brought up to the desired temperature
to ensure a constant deposition rate. For the samples manufactured for this thesis,

the substrate temperature was 230°C and the filament temperature was 1730 °C. The
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precursor gas silane (SiHy) passes over the filament, and thermally decomposes to silicon
and hydrogen. The silicon then adsorbs to the substrate surface while the hydrogen is
removed from the chamber by the vacuuming system. Hydrogen can be incorporated
into the deposited layer, forming a-Si:H, by adding molecular hydrogen to the precursor
gas mix. This has the effect of passivating dangling bonds in the amorphous structure,
thus reducing optical loss. However, when heating the sample to produce polySi, the
thermal outdiffusion of hydrogen from a-Si:H has been observed to induce damage to
the material surface [79], and so for the samples studied in Chapters 5 and 6, hydrogen

content was minimised by adjustment of the gas pressure.

3.1.1.2 Plasma-Enhanced CVD

In PECVD, the dissociation of precursor gases is brought about by the presence of a
radio-frequency (RF) alternating electric field. An inert argon gas is injected and ionised
to form a plasma. The precursor gases are then introduced, and the high-energy ions
break down the precursor gases into ions and free radicals. The electric field from the
cathode repels the ions, which are directed toward the grounded electrode on which the
substrate is mounted, while uncharged free radicals are pumped out of the system. The
substrate is heated to promote material adhesion, and the temperature can be altered to
influence the structure of the deposited film. Low temperatures produce an amorphous
film, while higher temperatures (typically > 500 °C) are required to form polycrystalline
material. In this project, PECVD was used for the fabrication of amorphous Sig4Geg ¢
films, with the conditions for this detailed in Section 7.2.1. Deposition was carried out
directly onto the c-Si substrate, allowing it to act as a heat sink during laser crystalli-

sation.
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FIGURE 3.2: Schematic of a PECVD chamber. Precursor gases are broken down by
the plasma generated by the RF field. Ions are repelled by the cathode and deposit on
the substrate.



26 Chapter 3 Sample Fabrication and Characterisation Processes

3.1.2 Electron-Beam Lithography

Lithography is a conventional means to transfer a desired pattern from a ‘mask’ onto
a material layer. Typically, ultraviolet-light photolithography is preferred due to the
fast process allowing high volume throughput. Few-second exposure times are sufficient
regardless of the area to be processed, as the entire sample surface is exposed simultane-
ously. E-beam lithography is an alternative, preferred for high-detail structures that are
harder to produce using photolithography due to diffraction at sub-wavelength scales and
the consequent resolution limitations. It is significantly slower than photolithography,
however the higher accuracy and resolution make it favourable for small structures. As
an early goal of this project was the laser processing of 1 pm width waveguides, e-beam
was chosen. An additional advantage of the process is that changes to the pattern are
easy, fast and cheap. Photolithography requires a physical mask, and so any change to
the desired pattern requires a new mask to be designed and manufactured. By compar-
ison, the e-beam mask is a digital file, and can therefore be adapted quickly and easily
with no manufacture stages needed. For this reason, e-beam lithography was used for

all patterned structures presented in this thesis.
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FIGURE 3.3: Electron-beam lithography process for structures in Chapter 5. a) De-
posited amorphous silicon (blue) on substrate (grey). b) A positive resist layer (orange)
is applied with an e-spacer (purple) to prevent charge accumulation. c) Selected regions
(yellow) are exposed to a high-energy electron beam. d) The e-spacer is washed off, and
development of the resist removes the exposed regions. e) Etching of the amorphous
film isolates strip waveguide structures. f) The remaining resist layer is removed.

The lithography and subsequent etching steps used to produce waveguides used in the
work described in Chapters 5 and 6 are shown in Figure 3.3. A ZEP-520A resist layer
(orange) was applied by spin-coating on top of the layer onto which the pattern was to
be transferred (blue). The spin coating was carried out at 2370 rpm for 15s, giving a
resist thickness of 435nm. It was then fixed in place by a 180s bake at 180°C. The
application of a conductive e-spacer (purple) avoided the accumulation of charge on
the sample, eliminating pattern distortion due to same-charge repulsion. The sample
was then exposed to the electron beam of a scanning electron microscope, which is
directed to specific locations by the patterning file. The beam charge was set to 190 nC.
This exposure alters the properties of the resist, making it either soluble or insoluble in a

development fluid, depending on whether the resist is classified as ‘positive’ or ‘negative’.
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Following exposure, the e-spacer was removed with a water rinse and the resist was
developed by immersion in a ZED developing fluid to expose areas of the underlying
material layer as determined by the pattern. Inductively-coupled plasma reactive ion
etching (ICP-RIE) was used to etch the exposed film. To monitor the etching rate and
avoid over- or under-etching, the etch depth was measured by ellipsometry after a known
process time. The etch rate was calculated, and the remaining etch time was adjusted
to etch the full film thickness. The remaining resist was then removed and the sample

cleaned to remove all residue.

3.1.3 Laser Annealing

Laser processing on the samples characterised in this thesis was carried out using a
focused continuous-wave (CW) laser beam, with the beam power and position on the
sample surface controlled using the setup shown in Figure 3.4. The arrangement shown is
the final iteration of the system, however a number of changes were made throughout the
project. The majority of these were system improvements to the alignment, focusing
and user interface, with no change to the system functionality. The most significant
change was the replacement of the laser source. Early samples were processed using an
Ar™ ion gas laser (Coherent Innova FreD) emitting at 488 nm, with an ouput power of
~ 1W. However, due to a critical failure this was replaced with a 532nm fiber laser
(IPG GLR-10W) with a power range from 250 mW to 10 W. Prior to this failure, the
ArT laser quality was significantly deteriorating due to the age of the system, with the
power delivered to the sample surface declining steadily over the course of weeks or
months and requiring regular servicing. In addition, noticeable power fluctuations over
individual processing sessions were observed. This made the installation of the fiber

laser a significant upgrade to the system capabilities.

The change in wavelength between the lasers affected the absorption, with the pene-
tration depths ¢ in silicon being d488nm = 485 nm and ds324m = 814 nm. The required
incident power for each of the two lasers was therefore significantly different, as a film of
thickness 400 nm absorbs a greater proportion of shorter-wavelength light. Additionally,
a Roithner LaserTechnik ULV-445-700 diode laser emitting at 445nm (6 = 224nm) was

used briefly while awaiting delivery and installation of the fiber laser.

Laser output power was set at the computer-controlled CW fiber laser, and where nec-
essary fine-tuned using a half-wave plate and polarising beam splitter. This addition
allowed the use of powers incident on the sample surface below that given by the mini-
mum laser output power of ~250mW. A collimated white light source, used for in-situ
imaging of the sample surface, was coupled to the beam path using a dichroic mirror
which transmits at the laser wavelength. The laser beam and white light were focused
on the sample surface using a 10X objective, giving a laser spot with a diameter of

5um. The objective was mounted on a high-precision z-axis stage. The sample was
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FIGURE 3.4: Laser crystallisation setup.

vacuum-mounted on high-precision x/y stages (Aerotech ABL-1500) which, along with
the z-axis, were computer controlled using the G-Code CNC tool programming lan-
guage, enabling reliable and repeatable control over the stage position and movement
speed using pre-written programs. Although G-Code is capable of highly versatile and
complex stage movements, the majority of work was kept to simple linear translation
between two points, at constant velocity. Where more complex movements were nec-
essary, these have been described in greater detail in the relevant section of the thesis.
A small fraction of the back-reflected light was split off by a high-transmission beam
splitter and directed towards a CCD camera, which had an adjustable lens to ensure
that the imaging focus and laser focus were independent. A notch filter eliminated the
laser wavelength, preventing damage to the CCD panel. The live image was used to
ensure correct focus, select the start and end points of the laser path, and to monitor

the waveguide during the crystallisation process.

3.2 Characterisation Techniques

Following laser crystallisation, material characterisation was carried out to gain an initial
indication of the material quality and waveguiding viability before optical transmission

characterisation began.

First, a visual inspection of the waveguides was carried out using a microscope, to
identify any defects or damage that had occurred during laser writing. Then, Raman
spectroscopy was used to estimate the crystallinity and any induced stress in the pro-
cessed materials, by comparing the spectra to that of a crystalline reference. In the case
of SiGe alloy materials, the Raman spectra were also used to determine the fractional

composition at a given location. Loss measurements were then carried out to determine
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the transmission loss in the waveguides, which is made up of material loss as well as sur-
face and defect scattering. Additionally, some samples were studied using micro-focus

X-ray diffraction crystallography at the Diamond Light Source facility.

3.2.1 Raman Spectrosopy

Raman spectroscopy utilises the principle of Stokes’ radiation in which an incident pho-
ton is absorbed, exciting a phonon in the material and releasing a photon with a reduced
energy compared to that of the original. This is shown in Figure 3.5. For a known in-
cident photon energy hr, where h is the Planck constant and v is the frequency, and
measured output energy h(v — Av), the energy difference hAv between ground and ex-
cited state can be calculated. The phonon energy is dependent on the atomic content
and structure of the material in which it is excited, and so the recorded spectrum at the
output can be used to identify the elemental composition and structural properties of

the material under investigation.

The Raman spectroscopy system used was a Renishaw Invia, with a Nd:YAG excitation
laser emitting at 532nm. The beam was focused to a spot diameter of 1pum, allow-
ing highly localised investigation of the material content and crystallinity. This in turn
makes high-resolution study of material composition and structure easily available. Con-
versely, it can also present a barrier to the investigation of material characteristics on
a larger scale. Where large crystal grains or localised regions of uniform composition
exist, a small investigation region limits the usefulness of the data from that point, and

so multiple measurements must be taken to more accurately characterise the material.

Stokes’ Anti-Stokes’
Virtual State ——(—————— —_——.
E = hv E = h(v —Av) E = hv E = h(v + Av)
: v
Excited State

IAE = hAv

Ground State

FIGURE 3.5: Energy level diagrams of the Stokes’ and anti-Stokes’ mechanisms. In-

cident radiation with energy hv excites an atomic bond, which relaxes to a different

energy state to that in which it started. The frequency shift of the radiation released

during relaxation is determined by the energy difference between states. The anti-
Stokes’ mechanism is less common than the Stokes’.

Across the studies in this thesis, a number of different materials were investigated by
Raman spectroscopy: polysilicon, SiGe and a-Si:H. The primary Raman peak positions

associated with each material are shown in Table 3.1. In a-Si:H, the visible peaks are
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from the amorphous silicon-silicon bond, and the Si-H bond. These peaks are broad,
with a low intensity and approximate location. In polysilicon, the crystalline Si-Si bond
is of much greater significance, although the amorphous material will still have some
lesser contribution. Finally, in SiGe, the three peaks corresponding to the Ge-Ge, Si-
Ge and Si-Si bonds will be seen. For each area of work, the application of Raman
spectroscopy and analysis of the data was different, and so the methods have been fully

explained in the relevant chapters.

Bond Peak Position (cm™!)
Ge-Ge 280
Si-Ge 411
amorphous Si-Si 480
crystalline Si-Si 520
Si-H 2000

TABLE 3.1: Raman shifts in bonds relevant to this thesis.

However, the Raman output from measured samples cannot be directly compared with
the reference c-Si values. Raman spectrometers rely on an excitation laser, which has a
Gaussian spectral beam profile. The material response will have a Lorentzian spectral
profile, and the resulting peak will be a convolution of these. Therefore, the Gaussian
influence on an experimental peak must be removed to make a valid comparison to the c-
Si reference. This can be achieved using a Voigt function (Equation 3.1), the convolution

of Gaussian and Lorentzian expressed as

V(x;o,y) = /_oo G(z'50)L(z — 2’5 v)d, (3.1)

where (G is the Gaussian with standard deviation o, L is the Lorentzian with FWHM -,

and 2 is the separation from the peak position z’. This can be approximated as

Re [w(2)]

V(zio,y) = o

(3.2)

where w(z) := e erfc(—iz) is the Faddeeva function calculated for z = (z + iv)/oV/2,
erfc being the complementary error function. By taking a spectrum from a crystalline
silicon reference with the known Lorentzian FWHM 2.7cm ™', the Gaussian standard
deviation from the optical system can be calculated. This is then used to calculate the
Lorentzian FWHM of the sample response by fitting to data with a constrained value
of o. The resulting value of v can be compared to the crystalline value to assess the
material quality. A MATLAB script was written to carry out this process for all the

Raman data collected.
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3.2.2 X-Ray Diffraction Crystallography

X-ray diffraction (XRD) crystallography allows direct investigation of the crystalline
structure of a material. The wavelength of the incident beam is comparable to the inter-
atomic spacing of the crystal lattice structure such as that of c-Si, shown in Figure 3.6a.
This therefore satisfies the necessary conditions for Bragg diffraction, with Equation 3.3

giving the angles 6 at which constructive interference occurs:

— gin— (T2
6 = sin <2d>’ (3.3)

where m is an integer corresponding to the order of diffraction, A is the incident wave-

length and d is the lattice spacing as shown in Figure 3.6b.

FIGURE 3.6: a) Unit cell of crystalline silicon, reproduced from Kittel [110]. b) Diffrac-
tion from crystallographic planes. Constructive interference occurs at discrete angles
dependent on the lattice spacing d.

The lattice spacing is dependent on the orientation of the plane within the unit cell,
denoted by the Miller indices h, k and [, and the lattice constant a, and is given by the

relation

a

dpg = ———— 3.4
= (3.4)

For crystalline silicon, a = 5.430 A [110]. Figure 3.7 shows the planes denoted by (100),
(111) and (220), which have lattice spacings d ooy = 5.430 A, daiy = 3.135A and
diogy = 1.920 A respectively. These are chosen as examples because the (100) plane is
the orientation of the standard single-crystal substrate, and the latter two are the planes

with the next largest spacings.

XRD experiments were carried out using beamline 118 at Diamond Light Source on
Harwell Campus, Didcot, Oxfordshire. The incident X-ray beam was focused to a 2 pm
beam waist, and the samples were placed into the mount at a 4° grazing incidence as

shown in Figure 3.8a. This angle extended the horizontal interaction zone to 30 pm, and
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FIGURE 3.7: The (100), (111) and (220) crystallographic planes in a simplified unit
cell.

was chosen to maximise the interaction of the beam with the laser-written structures
under investigation. Each crystal grain in a studied volume diffracts the incident X-
rays according to the crystal orientation of the grain, and the angle of the diffracted
beam can be calculated from Equation 3.3. A detector screen placed at a set distance
from the interaction point captured the diffracted beams, and the diffraction angle 6y
associated with each crystal axis corresponds to a separation 7 on the screen between
the diffracted ray and the central beam path. The spots from individual crystal grains
also have an angular offset ¢ around the central beam path, allowing individual grains
to be distinguished even when they have the same crystallographic orientation. This is
shown in Figure 3.8b, with the example of five distinct grains in the interaction volume,

and in Figure 3.8c where only two crystals exist.

To precisely calibrate the measurements taken, the separation between the interaction
zone and the detector must be known, as this determines the position of each ring.
To find this, the diffraction pattern from a polysilicon powder reference was captured.
As the wavelength of the incident X-ray beam is known, as are the lattice spacings
dpi, the angles 0y, are easily calculated and by fitting rings to the powder diffraction
spectrum, the separation between interaction zone and detector can be easily calculated.
An example calibration spectrum is shown in Figure 3.9. The (100) ring is not shown
here, as the crystalline substrate is in the (100) orientation, and so any signal from
crystals in this orientation will be hidden behind the substrate response. As the detector
screen is not perfectly normal to the diffracted rays, the fitted rings are elliptical in shape
with the major axis shown by the diagonal red line. With the separation known, the
orientation of crystals in subsequent diffraction patterns can be determined, and signals

from other sources can be identified and ignored as they will not align with the rings.

3.2.3 Cutback Transmission Loss Measurements

The most significant factor in a material’s suitability for optical applications is the
transmission loss, and one of the driving factors in the projects undertaken in this thesis

has been the minimisation of the loss in waveguide structures. Measurements of the
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X-ray beam

FIGURE 3.8: a) Schematic of the grazing-incidence X-ray diffraction setup, showing

diffracted beams incident at different distances from the central beam, indicating mul-

tiple crystal grains. The diffracted spots appear at a radius from the central beam

rnr; that is dependent on the diffraction angle, and at an azimuthal offset ¢ from an

arbitrary axis, dependent on the crystal orientation. b) Crystal orientations within the

interaction zone for a point with a large number of crystals. c) Interaction zone with
few crystals.

<440>

FIGURE 3.9: Calibration pattern from a c-Si powder reference. Dark spots are the
diffraction pattern, with fitted rings in red. Diagonal red line shows the major axis of
the elliptical rings.

waveguide transmission were carried out by the cutback method, and coupling facets

were prepared by cleaving. Here a discussion of these processes is presented, and a



34 Chapter 3 Sample Fabrication and Characterisation Processes

comparison between cleaving and polishing as a means to reduce the waveguide length

is made.

3.2.3.1 Transmission Measurement Setup

CW diode laser Power
CCD detector CCD
Sample
: X60 x40 L
I CHD .
Mirror®, . | (. L.
Alignment Beam Isolation
aperture  splitter aperture

FIGURE 3.10: Setup for measuring transmission losses. CW laser light at 1550 nm

is coupled into waveguides. CCD cameras are used to image the input and output

facets to monitor coupling, and an isolation aperture eliminates scattered cladding and
substrate modes.

Net transmission loss through a waveguide was measured using the setup shown in Fig-
ure 3.10. A CW fiber-coupled diode laser emitting at 1550 nm was collimated, and
focused onto the input facet of the waveguide using a 60x (0.85 numerical aperture
(NA)) microscope objective. The output was collected with a 40x (0.6 NA) objective
and directed onto an infrared-sensitive CCD camera to provide preliminary alignment
optimisation. The input lens was chosen to maximise the efficiency of the input coupling,
while the lower magnification of the output lens made the identification and alignment
of the beam easier due to the larger focused spot area. However, this mismatch affects
the uniformity of the coupling efficiency at each facet. Ideally, the lenses would be
identical, however this proved unfeasible in practice. This was due to the difficulty of
locating the waveguide output using the high magnification lens. Back-reflected light
from the input was also directed to a CCD using a beam splitter for initial positioning
of the input beam. The sample and both objectives were mounted on high-precision
three-axis stages (Thorlabs MAX301). At the output, an isolation aperture was used to
eliminate scattered light from the substrate and surroundings, leaving only the output
profile. Powermeters placed immediately before the input objective and after the isola-
tion aperture were used to measure the input and output powers (P, and P,y ), from

which the loss at that length was calculated using

P,
Loss = 10log,, <P—m> (3.5)
out

These measurements were repeated for multiple waveguide lengths, and the transmission

(dBem™1) and coupling losses (dB) were calculated from the gradient and intercept of
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the best fit to the plot of loss against sample length. The root mean square error was

used to indicate the reliability of the fitting.

3.2.3.2 Facet Preparation

Prior to optical coupling, the input and output facets must be prepared. Two prepara-
tion techniques were tested. Mechanical polishing uses fine abrasive powder suspensions
to grind down the facet, while cleaving makes use of the tendency of the crystalline
substrate to split along atomic planes from a defect point. Fach technique, and their
respective advantages and drawbacks, is discussed in detail here. However, of these,
only cleaving was used where transmission loss measurements were obtained, and so the

polishing method is presented for the purpose of comparison.

In mechanical polishing, the sample is mounted onto a jig using a low melting tem-
perature wax adhesive, and this jig holds the sample facet in contact with a flat plate
coated with a suspension of aluminium oxide powder. This is shown schematically in
Figure 3.11. The powder particle size is reduced over a series of polishing steps, remov-
ing material to shorten the waveguide between transmission measurements while also

smoothing the facet to minimise scattering.

Sprung Force

Control > /
Height Dial

AlO, Powder
Suspension
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Wax-bonded
i Sample
Rotating Plate :>

FI1GURE 3.11: Jig for mechanical polishing.

This polishing process is commonly used within the optics industry to produce extremely
smooth waveguide surfaces. Additionally, the total material removed can be monitored
throughout the polishing, and so significant control over the reduction in length of a
waveguide is possible. However, numerous issues were encountered while using this
technique for facet preparation. The most significant of these was the frequency with
which the waveguides were damaged during polishing. Examples of the types of damage
are shown in Figure 3.12. It is believed that the source of this damage was the force
applied to the sample by the polishing plate lifting the thin film of amorphous material,

breaking the waveguides and rendering the sample unusable at any length where this
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occurred. Despite attempts being made to optimise the process and limit the occurrence
of such damage, the frequency of this was not significantly reduced. Additionally, the
polishing process requires mounting the sample onto a polishing jig using a wax adhesive,
which must be carefully cleaned to remove residues, and the slow rate of material removal
makes polishing a time-consuming process. Future work may benefit from the addition of
a silica cladding layer, deposited either before or after the laser crystallisation step. This
would serve to generally protect the waveguides from surface impacts and contamination,
as well as making the sample as a whole less vulnerable to damage during polishing. This
would make the polishing process significantly more viable, and therefore improve the

quality of transmission measurements obtained.

FIGURE 3.12: Polished facet quality of a-Si:H waveguides. a) Differential contrast

interference microscopy shows damage to facets of laser-written waveguides. Lifted

edges (orange areas) indicate excessive forces applied during polishing. b) Damaged

etched waveguide facets prevent free-space coupling. ¢) Successful polishing results in
a high-smoothness waveguide surface.

Cleaving as a method of facet preparation makes use of the tendency of crystalline
materials to cleave along a crystal plane. A diamond scribe was used to create a defect
in the substrate at the edge of the sample, as shown in Figure 3.13a. Care was taken
to ensure that this initial defect did not interfere with any waveguides, as this was seen
to be severely detrimental to facet quality. The sample was then placed on a solid
surface such as a glass slide, with the defect directly over the edge of the slide and the
material to be removed left overhanging, as shown in Figure 3.13b. Gentle pressure was
applied evenly to either side of the defect to induce the cleaving. When the pressure
is sufficient, the defect acts as a starting location, and the crystalline substrate cleaves
along a crystal axis as shown in Figure 3.13c. Due to this tendency, waveguides were

fabricated perpendicular to this axis where possible.

The cleaving process is quick, requiring no adhesive preparation. Additionally, the
downwards forces applied to the sample avoids the lifting of the upper film, as observed
in the polishing approach, eliminating a significant source of damage. However, by
comparison to polishing, cleaving offers little precision in the cleaving point, and presents
a lower limit to the amount of material that can be removed as there must be sufficient

material each side of the induced defect to apply the force to initiate cleaving. In practice,
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FIGURE 3.13: The cleaving process. a) A defect is induced in the crystalline substrate.

b) The defect is placed over a pivot point and force is applied evenly on each side of

the defect. ¢) The defect propagates along a crystalline plane, separating a section of
material.

it was found that a reduction in sample length of less than approximately 3 mm resulted
in a poor cleave, often failing to run along the intended axis and presenting a rough facet
as a result. Additionally, while this proved effective for a-Si waveguides, minor issues
arose in polysilicon strip waveguides. The waveguide facet itself often did not perfectly
align with the substrate after cleaving, which is believed to be a result of the waveguide
cleaving along the crystalline planes of the grains within the waveguide, rather than
following the plane of the substrate as the amorphous materials do. This has not been
fully investigated due to limitations in experimental time. Figure 3.14 shows example

microscope images of a cleaved facet.

FIGURE 3.14: Cleaved facet quality. a) Differential contrast shows no lifting of the
thin film. b) Poor distribution of force during cleaving causes breaking away from the
crystal axis. ¢) Non-abrasive process results in smooth facets in the cleaved plane.

The decision to rely on cleaving for facet preparation was made predominantly on the ba-
sis of the high damage rates observed during mechanical polishing. The frequent damage
to the waveguides combined with the slow time scale of the process made the collection
of sufficient data for transmission measurements rare. By comparison, a relatively high
success rate using the quick cleaving process made transmission loss measurements far

less time consuming and provided significantly more data.
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3.2.3.3 Coupling Error Estimation

Due to high transmission losses (in the range of 30dB to 50dB) the exact value of
the calculated propagation loss is highly sensitive to the errors associated with the
loss measurement, process. High facet coupling loss and variable facet quality make
exact analysis of this difficult. To determine the reliability of individual transmission
measurements, characterisation of the error in the optical coupling process was carried
out. However, due to time constraints, the volume of collected data for each waveguide
was too small to make valid assessments in the majority of cases. Furthermore, the
difference in facet quality between waveguides resulted in significant offsets in total
transmission, even in waveguides with nominally similar transmission loss. Therefore, to
obtain an estimation of the error in coupling losses, a series of transmission measurements
were taken on a single waveguide representative of the reported results, and the resulting

error estimation applied to all measurements.

The waveguide used in these measurements was a polysilicon waveguide, fabricated using
the techniques described in Chapter 5. The waveguide length was 1 cm, the width 3 pnm
and height 400 nm. The incident laser power was 285 mW at a stage translation speed of

0.lmms!

. The sample was removed from the coupling setup between measurements.
The results of these measurements are shown in Table 3.2. Calculation of the standard
deviation o shows o = 0.2 dB, indicating reliable transmission values in the experimental

data presented in the following chapters.

Input Power Output Power Loss

(W) (1W) (dB)
86 8.75 39.92
86 9.70 39.48
86 9.15 39.73
86 8.60 40.00
86 9.50 39.57

TABLE 3.2: Transmission loss measurements with a standard deviation of 0.2 dB.

This value of 0.2 dB has been used throughout this thesis to give an indicative error value
in individual transmission loss measurements, unless sufficient data was collected to allow
a value to be obtained for that waveguide. Although the errors have been obtained with
a polysilicon waveguide, it has been assumed that the calculated standard deviation can
also be applied to the a-Si:H structures discussed in Chapter 4, since the error being
calculated is independent of the transmission loss. To obtain errors for the transmission
loss calculated from the best-fit gradient, the 0.2dB error is applied to each data point
and the steepest and shallowest gradients that fit within the error bars are found. The
difference between these and the best fit to the original data is then used to calculate

the error in the reported gradient.
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It should be noted that the error analysis carried out as described here does not take into
account the variation in coupling loss between waveguides or between different lengths
of the same waveguide. These variations result from the cleaving process, as described in
the previous section. This error was not analysed due to insufficient data being available

to make accurate estimations.






Chapter 4

Direct Writing of a-Si:H

Waveguides and Components

4.1 Introduction

This chapter describes the development of an alternative method of waveguide definition
in hydrogenated amorphous silicon, using localised laser writing to define the waveguide
cladding. The core principle is that the refractive index of polysilicon is lower than
that of a-Si:H, allowing the confinement of light in the unprocessed region. The sample
deposition is outlined, and the process of fabricating the waveguide structures using
this novel technique is described. Then, the experimental work undertaken is explained,
starting with the methods of waveguide definition. Simulations used to understand
the waveguiding in these structures are then presented. The comparison of this work
with conventional lithographically-defined waveguides is detailed, as is the use of Raman
spectroscopy to investigate sources of optical loss. Finally, complex structures fabricated

by laser writing are presented, to demonstrate the flexibility of the technique.

4.2 Background and Concept

Low transmission losses have been observed in low-temperature-deposited hydrogenated
amorphous silicon waveguides, with the lowest losses reported by Oo et al. in a-Si:H
deposited by HWCVD with a substrate temperature of 230 °C [50]. Propagation losses
of 0.8dBcm™! were recorded in waveguides with dimensions 650nm x 400nm. The
deposition flexibility, along with its excellent optical characteristics, makes a-Si:H a

popular material in photonics research.

41
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Interest in a-Si:H as a waveguiding material for IR wavelengths picked up in the mid-
1990s following the demonstration of components such as light-emitting diodes and pho-
todetectors [111], [112], which leveraged the greater suitability of a-Si:H over ¢-Si for
such applications. The first report of telecommunications wavelength guiding by Co-
corullo et al. was carried out in integration-compatible material deposited at 200 °C,
with measured transmission losses of 0.7dBem™! in 15 pm wide waveguides [69]. The
low transmission losses in a-Si:H are attributed to the hydrogen passivation of dangling

bonds, which are the main source of absorption in pure a-Si.

With the demonstration of 2dBcm ™! losses in single-mode waveguides [67], a-Si:H be-
came a significant contender with c-Si for purely optical applications. Its interest ex-
panded further in the 2010s following reports of strong nonlinear effects at 1550 nm
[51]-[53], with a nonlinear coefficient 5 times higher than that of ¢-Si. Additionally,
a-Si:H offers superior deposition flexibility with the capacity for multilayer fabrication,

avoiding the integration barriers faced by c-Si photonics.

With observed losses approaching the theoretical bulk limit, attention turned to elimi-
nating losses originating from the waveguides, in particular the scattering at the waveg-
uide upper surface and sidewalls. The as-deposited top-surface roughness in a-Si:H has
been reported as low as 1nm [50], however after ctching this has been measured as
> 1.8nm [113]. Additionally, the roughness of etched sidewalls has been identified as a
source of waveguide loss in c-Si [6], [54], [114], and as the scattering losses are largely
material-independent, these conclusions can be applied to any etched waveguide sys-
tem. Therefore, a method for waveguide definition that avoids the etching process while

maintaining low transmission losses would be of significant value.

Laser writing provides a potential method that fulfils these requirements. Martinez-
Jiminez et al. demonstrated the use of a CW laser to fabricate complex polysilicon
waveguide structures by direct writing [49]. Using an earlier iteration of the laser-
writing system shown in Figure 3.4, the localised crystallisation of a pure a-Si film was
used to manufacture polysilicon waveguides with losses of 9.3dBcm™!, as well as com-
plex waveguide structures such as ring resonators and Y-junctions which are important
elements for photonic circuits. Selective etching of the planar amorphous material was
necessary to allow waveguiding in these structures, likely leading to an increased sur-
face roughness and consequently increased loss from surface scattering. Although the
recorded losses are significantly higher than in a-Si:H, waveguides, this can be attributed
to the presence of defect sites in the polycrystalline structure, which is hard to control

when directly writing into planar films.

In his thesis, Dr Yohann Franz discusses the application of a similar laser crystallisation
process to a-Si:H films, and notes the out-diffusion of hydrogen during the laser melting
stage [79]. This out-diffusion, combined with the crystallisation process itself, has the

effect of reducing the refractive index from 3.69 in a-Si:H [50], to 3.46 in polysilicon.
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This assumes that the crystalline fraction is high enough to use the refractive index of
c-Si when considering polysilicon systems [115]. If the approach of Martinez-Jiminez
et al. is inverted, using the low-index polysilicon as the waveguide cladding and the
low-loss a-Si:H as the core, the need for etching is eliminated. This would allow the
fabrication of complex structures by direct laser writing. The refractive index profile
that would be produced is shown in Figure 4.1a, assuming a step-index structure. A
schematic cross-section of such a system, assuming the presence of a SiO2 buried oxide

(BOX) layer and air upper cladding, is shown in Figure 4.1b.

a) n
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FIGURE 4.1: a) Refractive index profile and b) cross-section schematic of a laser-written
a-Si:H waveguide. The low refractive index of the polysilicon cladding (n = 3.46)
confines light to the a-Si:H core (n = 3.69).

By using the high-accuracy computer-controlled laser-crystallisation system previously
described, the fabrication of easily-customisable complex waveguide structures in a
CMOS-compatible process should be achievable. This chapter will outline the inves-
tigation of this premise, describing the fabrication stages, initial proof-of-concept, the
comparison of waveguide losses with those from conventional lithographical definition,

and the demonstration of complex waveguide structures.

4.3 Manufacturing Process

This section outlines the fabrication processes of the a-Si:H waveguides, covering the
deposition of the film by HWCVD and the laser writing procedure for straight waveguides

and S-bend and Y-junction photonic components.
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4.3.1 Deposition

To minimise material losses, the deposition of the a-Si:H films followed the process used
by Oo et al., who reported transmission losses of 0.8 dBcm™! [50]. Hot-wire CVD with
a substrate temperature of 230°C was used to grow films of thickness 400nm on a
4.6 nm BOX layer. To ensure complete dissociation of the silane precursor, the filament
temperature was 1850 °C. To achieve the desired hydrogen content, the ratio of silane
to hydrogen in the precursor gas flow was 2.4:1. Based on previous characterisation
of films deposited using these parameters by Oo et al., the rms surface roughness was
assumed to be 1nm, ensuring minimal scattering from the waveguide top-surface. This
assumption was made as the deposition was carried out by the same group using the

same equipment.

4.3.2 Laser Writing

The laser definition of waveguide structures in a-Si:H was realised using the setup shown
in Figure 3.4, using a top-down stationary beam focused by a 10x, 0.25 NA objective
mounted on a z-axis stage, with the sample held by vacuum clamp to air-bearing x/y
stages (Aerotech ABL-1500). Laser writing used the previously mentioned 445 nm and
532nm lasers. The stages were controlled from a central computer using G-code com-
mand scripts and had sub-micrometre positioning accuracy. Additional programs were
written to take input parameters and generate the necessary set of G-code commands
to fabricate the desired structures. This section will outline the laser writing process,
necessary input parameters and additional processing considerations for the fabrication
of straight waveguides for cutback transmission loss measurements. More complex com-

ponents are described later in this chapter, in Section 4.7

In his thesis, Dr Yohann Franz discusses the laser crystallisation of stripes in an a-
Si:H thin film [79]. He notes that a significant barrier is presented by the explosive
out-diffusion of hydrogen within the film, which occurs as a result of intense heating.
Therefore, optimal processing in this manner must balance the laser intensity necessary
to crystallise the silicon against this limit beyond which the cladding will be damaged,
risking the introduction of scattering points from deposited silicon fragments onto the
waveguide core. To determine this threshold, initial optimisation experiments involved
the writing of single lines in a-Si:H, recording the power at the sample surface and noting
the point at which any sign of damage was observed during subsequent examination by

optical microscopy.

Three distinct regimes were observed as the incident power was increased, examples
of which are shown in Figure 4.2. The lowest power regime is the desired range, in
which the temperature is sufficient to induce crystallisation, but low enough that the

thermally-induced out-diffusion of hydrogen is gentle. This produces a central section
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FIGURE 4.2: Laser written polysilicon lines in hydrogenated silicon, showing a) an
undamaged line, b) damage due to explosive out-diffusion of hydrogen and ¢) damage
from ablation of the silicon layer.

of the polysilicon stripe, uniform in colour, with the crystallised area clearly visible as
seen in Figure 4.2a, and a gentle colour gradient over a 1-2pm region at either side.
The second regime is that in which explosive out-diffusion of hydrogen occurs. The
appearance is characterised by uneven and darker patches along the centre of the written
stripe, as shown in Figure 4.2b. The final regime, shown in Figure 4.2c, occurs when
the incident laser power is sufficient to ablate the a-Si:H film, resulting in significant
damage to the surrounding material. As the higher power regimes are detrimental to
the material quality, the incident power was kept below the upper threshold for the

lowest power regime.

Due to the limit to the power of the incident beam, there is a consequent limit to the
crystalline quality of the laser-written tracks. A previous study of CWLA in planar Si
films showed that the largest crystal grains are obtained close to the ablation threshold
[100], but the requirement of avoiding explosive out-diffusion makes this incompatible
with a-Si:H [35]. Therefore, the incident power was kept close to, but below the threshold
for hydrogen out-diffusion to maximise grain size as far as possible. As the intensity of
light carried in the cladding was expected to be low, the crystallinity is not expected to

have a significant impact on waveguide quality.

During the process of identifying the power threshold to avoid damage, it was observed
that the width of the crystallised stripe is dependent on the incident laser power and the
x/y stage translation speed v. Higher incident power increased the volume of material
that was heated to the point of crystallisation, while increasing v decreased the energy
absorbed by a given volume of silicon, thus reducing the stripe width. The recorded
widths from the first waveguide tests are shown in Table 4.1. Due to the minor variations
in film thicknesses following deposition, these parameters must be remeasured on each

new sample. However, this only requires a small area and is a rapid process.

4.3.2.1 Control Program

To facilitate the fabrication of waveguides with repeatable structures and dimensions,
a parameter-based program was written to generate the G-code command script for
the three-axis stages. The creation of this script is a multi-stage process. First, the

waveguide structure must be defined in terms of the path that the writing laser will follow
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Power | Scanning Speed (mms™1!)
(mW)| 1 5 10 50

30 1.2 0.6 O* 0*
40 26 25 20 2.1
50 34 33 34 3.0
60 4.0 34 32 3.1

TABLE 4.1: The width (um) of a crystallised stripe in a-Si:H is dependent on the
scanning speed and the incident laser power. In combinations marked *, crystallisation
did not occur.

on the sample surface. For straight waveguides this is two parallel lines with a suitable
separation. Then, the path must be defined in terms of the user input parameters. For
the creation of straight waveguides, five parameters were required. First, the initial and
final coordinates of the waveguide core, A and B, were selected. Next, the desired stage
translation speed v was entered. The width of the laser-written stripe, wr,ag, was then
added to the desired waveguide width wwqg. The sum of these values is the separation
0 between the two laser-written paths that become the waveguide cladding. The offset
from the waveguide path is o = §/2. Figure 4.3a shows how these parameters relate to
the final structure. A program was then written to convert the user input parameters
into the coordinate-based G-code language, creating a script which controls the stages
such that the focused laser beam will, at a constant speed v, follow the path shown in
Figure 4.3b. First, a straight path from A + o to B + o is written, then the sample is
moved sideways by a distance § and follows a second path, parallel to the first, from
B—-—otoA—-o.

4.4 Numerical Modelling

Simulation of the confinement of optical modes in the manufactured waveguides was
carried out using COMSOL Multiphysics, a numerical finite-element modelling software.
A simplified waveguide cross-section (shown in Figure 4.4) was used, assuming sharp,
well-defined boundaries between polysilicon and a-Si:H. Simulations for wide and narrow

waveguides were calculated, with widths assumed to be 2 pm and 5 pm.

Using the inbuilt electromagnetic wave frequency domain solver, the supported modes
were calculated. Figure 4.5 shows the three best-confined modes for the 5um (a-c) and
2um (d-f) structures. The arrows show the direction of the electric field, indicating
preferential guiding of the TE mode, which results from the increased scattering from
the upper surface of the waveguide. As the best confinement (indicated by the higher
effective index neg) is seen in the fundamental TEqy mode, the lowest propagation losses
will be obtained when light is coupled into the fundamental mode, so care must be taken

to do this during experimental work. In particular, coupling into higher order modes
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FIGURE 4.3: For straight waveguides in a-Si:H defined by laser crystallisation, a) the
relation between the final structure and the input parameters, and b) the path of the
laser beam across the sample surface.

FIGURE 4.4: Geometry used for numerical simulations of waveguiding in laser-defined
a-Si:H waveguides. The deposited layer is 400 nm thick, and the air and silica BOX
layers are 2 pm thick.

would be detrimental to waveguide performance due to the higher relative intensity near

the core/cladding interface.
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Normalised Electric Field Intensity

D= 3.2672

FIGURE 4.5: Simulated guided modes in waveguides written with widths of a-c) 5 and
d-f) 2 microns. Arrows show the electric field orientation.

4.5 Transmission Losses

To determine the quality of waveguides manufactured using laser writing, transmission
losses were measured by the cutback process. Additionally, the losses in lithographi-
cally defined waveguides of comparable dimensions were recorded to provide a baseline
against which the results of the new technique were compared. In this section, the refer-
ence measurements are presented, followed by the results from laser-defined waveguides
fabricated using two different laser sources. The first was a Roithner LaserTechnik ULV-
445-700, a CW diode laser emitting at 445 nm. The second was an IPG GLR-10W CW
fiber laser emitting at 532nm. The laser source was changed to improve laser stability

and beam quality, and to increase the accessible power range for other applications.

4.5.1 Lithographic Reference

Following the method in Section 4.3.1, a 400 nm layer of a-Si:H was deposited on a 5 pm
Si02 BOX layer for optical isolation. Conventional electron-beam lithography was then
used to define waveguides with widths of 2, 3 and 4 pm. Transmission loss measurements
were then taken on these waveguides at a wavelength of 1.55pm using the cutback
method. Due to issues previously discussed in Section 3.2.3.2, the facets were prepared
by mechanical cleaving. The lowest recorded losses were (4.31 £0.76)dBecm™! in a
2 1m waveguide, (4.94 +0.83)dBcem™! in a 3m waveguide and (8.47 £ 0.98) dB em ™!
in a 4pm waveguide, as shown in Figure 4.6. The highest losses being in the widest
waveguides is counter to expectations, as linear loss is typically inversely proportional
to width [42]. However, the facet quality from cleaving is subject to some inconsistencies
as previously discussed, and this may contribute to artificially high measured losses if
the quality of the output facet at a given length is either significantly better or worse
than for other lengths at which the waveguide loss is measured. Therefore, a more

comprehensive investigation should be undertaken before conclusions are drawn from
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this data. These losses are also significantly higher than the 0.8dBcm™! previously
reported in a-Si:H [50], however an investigation into the cause of increased loss was not
part of this study.

52 ‘
2 micron ¥
sob* 3 micron i
= 4 micron
s |°s :
o 48 F o
Z E — F
S -
46 - .
——
44 1 1 1 1 1
0.7 0.8 0.9 1 1.1 1.2 1.3
Length (cm)

FIGURE 4.6: Lowest recorded losses in lithographically-defined a-Si:H waveguides
with widths of 2pm ((4.31 £0.76) dBem™!), 3pm ((4.94 £ 0.83) dBem~!) and 4 pm
((8.4740.98)dBcem™1).

4.5.2 Initial Laser Writing

Straight waveguides were fabricated in three sets, with core widths of 2, 4 and 6 pm.
The incident laser power was set to 50 mW, and the laser source used was a 445nm
CW diode laser (Roithner LaserTechnik ULV-445-700). Three waveguides were made at
each width, and the facets were prepared by cleaving. The cleaving process was chosen
over the conventional polishing process due to the frequent damage, described in more
detail in Section 3.2.3.2. Transmission at 1550 nm was observed in seven waveguides:
all 2pm and 4 pm, and one of the 6 pm structures, with the total losses in the range
42dB to 49dB at a sample length of 1.362 cm. Successful transmission loss measure-
ments were obtained for four waveguides: all 2 pm wide waveguides and one 4 pm, with
the results shown in Figure 4.7. Figure 4.7a shows the averaged transmission of the
three 2 pm waveguides, with the error bars corresponding to the standard deviation
of the transmission measurements for the three waveguides. The calculated loss was
(8.5 +3.7)dBcm™!. The high error is thought to have arisen from the varied facet qual-
ity previously discussed, however the individual waveguide transmission and coupling
losses were similar enough to allow for error analysis using the raw data. The loss from
the 4 pm was (4.46 +0.84)dBem ™!, as shown in Figure 4.7b, using errors of 0.2dB.
Two data points were obtained for the 6 pm waveguide, indicating 2.2 dB cm ™!, however

facet damage prevented light output at the third length and so this cannot be confirmed.

Although the losses obtained here are significantly higher than the 0.8 dB cm™! reported

by Oo et al. [50], transmission losses below 5dBcm™! in preliminary investigations
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FIGURE 4.7: Transmission loss measurements in proof-of concept a-Si:H waveguides

defined by laser-crystallisation of polysilicon cladding. Waveguides fabricated with core

widths of a) 2 um and b) 4 pm suggest that transmission loss is inversely correlated with
waveguide width.

suggest that lower losses may be obtained following optimisation of crystallisation con-
ditions and waveguide geometries. The calculated losses in these waveguides are in-
versely proportional to the waveguide width, however due to the high errors and low
volume of data this cannot be confirmed. If further data matches this trend, as would
be expected as this aligns with theory [42], it would suggest that the interaction be-
tween the guided mode and the laser-written cladding boundary has a greater effect on
the transmission loss than the interaction between the mode and the upper and lower
surfaces of the waveguide. Most significantly, the lowest loss is comparable with that
obtained from lithographically-defined waveguides, indicating that the material quality
is relatively consistent between samples, and that loss from the interface between the
core and cladding is roughly equivalent to the loss from etched sidewalls. However, as
these losses were observed in 4 pm wide laser written waveguides and 2 and 3 pm etched
waveguides, the losses from etched sidewalls may be slightly lower. It was therefore
anticipated that waveguides fabricated by laser writing using an improved laser source
would exhibit lower losses. Such lower losses would, if observed, demonstrate the viabil-
ity of this technique. The anticipated benefits of the improved laser writing conditions
were a higher crystalline fraction and larger crystal grains in the polysilicon cladding,

minimising losses from scattering and absorption.

4.5.3 Comparison to Lithographical Reference

Although the propagation losses in these initial laser-written waveguides are almost
equivalent to those in the etched reference sample, the materials in which the waveguides
were fabricated were not guaranteed to be identical, despite the deposition conditions
being the same. Therefore, following the aforementioned change of laser source in the

writing setup, laser crystallisation experiments were carried out in material deposited
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simultaneously to and in the same deposition chamber as the lithography sample. This
ensured that the material quality, surface roughness, hydrogen content and film thickness
were all identical. Therefore, any difference in measured transmission losses can be

attributed wholly to the different fabrication methods.

Due to the change in laser source, the testing of power thresholds was redone by annealing
single lines at a series of increasing incident powers, at multiple scanning speeds. The
widths of these lines were measured to ensure that waveguides of the desired widths
could be written, as explained in Section 4.3.2. The incident power damage threshold was
identified as 100 mW for both 0.1 mm s~ ' and 1 mms~'. Test waveguides of approximate
length 1cm with a consistent width of 4um were then fabricated in one section of
the unpatterned chip and the total transmission was measured. The results of these

optimisation tests are shown in Table 4.2.

Speed (mms~!) Power (nW) Loss (dB)

40 36.7

50 35.2

60 32.8

0.1 70 34.9
80 27.6

90 39.6

100 35.8

30 38.9

40 38.6

50 38.4

1 60 39.9
70 39.9

80 36.3

90 39.8

100 38.2

TABLE 4.2: Transmission measurements of laser-defined 4 pm waveguides to deter-
mine best crystallisation parameters. Lowest losses were observed with stage speed
0.1mms~! and incident power 80 mW.

The lowest losses at both 0.1 mms ™! and 1 mms~! were measured in waveguides written
with incident power 80 mW. At all tested powers, transmission was greater with anneal-
ing at 0.l mms~! than for equal power annealing at 1 mms~'. Some minor instability
in the stage translation at higher speeds was noticed, resulting in a ‘wavy’ structure
as shown in Figure 4.8. It is thought that this caused the higher losses from higher

annealing speeds, however this was not confirmed.

Imaging of the waveguide outputs suggests that scattering from the waveguide core into
the cladding causes some of this loss. Figure 4.9 shows the infra-red camera outputs
for waveguides written at four different parameter sets. Significant scattering into the

cladding occurred in 50mW tests, scen as scattering along the material plane to either
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FI1GURE 4.8: Periodic oscillations in the beam position relative to the sample surface
cause an uneven structure in the laser-crystallised stripes, likely increasing scattering
loss during propagation.

side of the output spot. Slight scattering was seen in the 80 mW, 0.1 mms~! output,

suggesting that lower losses may be obtained if confinement can be improved.

FIGURE 4.9: Infra-red camera images of light at the output facet of waveguides written
at a) 0.1mms~!, 50mW, b) 0.1mms~}, 80mW, ¢) ITmms~}, 50mW, d) 1Tmms?,
80mW. Cladding-guided light is seen in a)-c).

As the highest transmission was observed with 0.1 mms~! writing speed, but end-facet
observations indicate best light confinement with 1mms™', both speeds were used for
fabrication of the waveguides for comparison measurements. Laser writing was used to
fabricate waveguides with widths of 2, 3 and 4 pm with incident power of 80 mW and
speeds of both 0.1 and 1 mms™'. Cutback loss measurements were carried out on these,
the results of which are shown in Table 4.3. Although transmission was observed through
2 pm laser-written waveguides, the unreliability of the cutback method prevented com-
plete measurements from being obtained, as no output was achieved at multiple sample
lengths. Of the waveguides where complete measurements were obtained, the lowest
loss was (10.74 £ 1.39)dBem ™" in a 4pm waveguide written at 0.1 mms~!, shown in
Figure 4.10.

These losses are significantly higher than those obtained in either the lithographically-
defined baseline sample or the initial proof-of-concept work, suggesting that the changes

to the laser source did not result in the anticipated improvement in waveguide quality.
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Width Writing Speed Loss

(pm) (mms~1) (dBem™1)
3 0.1 14.58 £0.96
15.55 £ 1.39
1 0-1 10.78 £1.39
19.35 £ 0.49
4 1 14.27 £1.07
14.124+0.93

TABLE 4.3: All losses obtained from laser-written waveguides fabricated with the IPG
GLR-10W laser.

Loss (dB)

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6
Length (cm)

~
S

FIGURE 4.10: Lowest loss ((10.78 +£1.39)dBcm™1) from the laser-written a-Si:H
waveguides fabricated with the IPG GLR-10W laser.

This in turn indicates an incomplete understanding of the crystallisation and loss mech-
anisms relevant to this novel structure, warranting further investigation into these. The
primary question concerns the sources of loss, expected to be scattering and absorption
in the transition region from the polysilicon cladding to the a-Si:H core. The process of
CWLA in planar silicon films is known to produce larger crystal grains at higher incident
power, but the studies investigating this have been primarily concerned with the crys-
tallinity at the centre of the crystallised region. In this work, the behaviour at the outer
extent of the laser-annealed track is of greatest significance, as these have the greatest
interaction with the guided mode. The crystal sizes in this area are typically small, due
to the change in crystallisation dynamics from liquid-phase to solid-phase crystallisation
as the temperature decreases further from the laser focus point. SPC typically results in
crystal grain sizes below 1 um, resulting in high losses. However, the gradual increase in
grain sizes may result in the waveguiding dynamics being more comparable to those of a
graded-index system than the step-index profile used for confinement simulations. This
may increase the interaction between the mode and the high-loss material, adversely
impacting waveguide performance. It may therefore be advantageous to carry out laser
processing on these systems at lower power, ensuring SPC occurs across the entire laser
track and improving consistency of the crystallinity across the cladding areas. Alterna-
tively, the same benefits may be achievable with a top-hat beam profile giving a more

uniform heat distribution. It may be possible to obtain larger grains in the cladding by
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using multiple exposures to write the cladding, using a low-power exposure to induce
non-destructive hydrogen out-diffusion and then growing large crystals with a second,
higher power exposure. These process refinements were not investigated due to time

constraints, but are left as a guide for suggested avenues of further work.

4.6 Material Characterisation

The primary sources of transmission loss in these waveguides were anticipated to be
the dehydrogenation of previously passivated dangling bonds due to thermally-induced
hydrogen out-diffusion in the core and scattering in microcrystalline polysilicon in the
transition region between core and cladding. It is therefore important to understand
the extent of the crystallisation, as well as to check the presence of hydrogen in the
waveguide core. Preliminary estimations of the waveguide viability were obtained using
Raman spectroscopy, assessing the change in crystallinity and hydrogen content in the
material across the laser written lines. Sequential Raman spectra were taken along a line
perpendicular to the waveguide, as shown in Figure 4.11, recording the signal strength
at each point of the polysilicon peak, in the range of 510cm™! to 520 cm™!, and the
amorphous Si-H bond, which has a peak position of ~2000cm ™.
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FIGURE 4.11: Intensities of the Si-H 2000cm~! (top) and Si-Si 520cm ™! (bottom)

Raman peaks across a laser-defined waveguide in hydrogenated amorphous silicon. High

content in both core (blue, inner) and bulk (blue, outer) indicates hydrogen out-diffusion

has not occurred, while low content in the cladding (orange) results from thermal out-
diffusion.

The laser-annealed cladding is marked by a decrease in the hydrogen content, and the

hydrogen content in the core can be compared to the baseline as-deposited concentration
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outside the processed area. The hydrogen content at each investigated point was eval-
uated by measuring the intensity of the Si-H peak, and comparison was made between
all points across the waveguide. The intensity of the polySi peaks were also compared
across the waveguide. It was anticipated that the Si-H peak would not be present in the
waveguide cladding where the polySi peak is strongest, and that it will return to its full
intensity within the waveguide core. Similarly, the polysilicon peak was only expected
to be present in the laser-written stripes, and will return to the bulk amorphous level
in the core. However, as the boundary between the amorphous core material and the
crystalline cladding will not be sharp due to the Gaussian shape of the processing beam,
it was expected that there will be an effective minimum waveguide width, below which
the core will remain amorphous but will be dehydrogenated by the lateral conduction
of heat in the Si film.

To investigate the change in material composition, waveguides were written with inci-
dent power 80 mW, speed 0.1 mms~! and widths of 2pm and 5pm. The widths were
confirmed by optical microscopy, and Raman spectra were captured at a series of points
across the waveguides with a separation of 1 pm. The intensities of the Si-Si and Si-H
peaks were evaluated along these cross-sections using a Matlab script. For each point,
the peaks were fitted with a Voigt profile as described in Section 3.2.1. The fitted Voigt
peaks were integrated between the points at which the peak intensity dropped to 1/e?
of the maximum. If the peak was broad and weak enough that the intensity did not
decrease to that extent in the selected data range, it was assumed that there is no peak
present. The intensities were then normalised to aid in comparison, as the Si-Si peak
exhibits a significantly stronger signal than the Si-H peak. The resulting cross-sections

are shown in Figure 4.12.

These cross-sections support the prediction that losses in these waveguides are most
likely to occur in the transition region between the polysilicon cladding and a-Si:H core.
At both widths, there is a section ~ 3pm across at each border of the crystallised
paths in which the material has not been fully crystallised, but thermal out-diffusion of
hydrogen has occurred. Therefore, dangling bonds still exist, however they are no longer
passivated and will therefore contribute to absorption losses. When comparison is made
to the mode simulations shown in Figure 4.5, it can be seen that there is a non-negligible
proportion of the electric field in these regions. Additionally, the intensity of the Si-H
bond in the core of the 2 m waveguide is seen not to return to the level seen in the
untreated film, unlike in the 5 pym waveguide where a plateau is observed. This indicates
that the suggested minimum width of a waveguide manufactured by this process should
greater than 2 pm, as this reduced H content will increase transmission losses across the

entire waveguide core, rather than only at the edges of the mode.

In narrow waveguides, the low hydrogen content in the waveguide core indicates high
transmission loss as the dangling bonds in amorphous silicon are no longer passivated,

while losses in wider waveguides are expected to be lower as there is a region several
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FI1GURE 4.12: Raman intensities of the amorphous Si-H and polycrystalline Si-Si peak
across a) a bum laser-defined waveguide and b) a similar 2 pm waveguide.

microns across in which the H content is unaffected. This is consistent with loss mea-
surements carried out on these structures, indicating that the predicted sources of loss,

absorption and scattering, are correct.

To determine the uniformity of the crystallised tracks, the Lorentzian FWHM of the
polySi peak was calculated for points across the laser-written cladding. The FWHM
indicates the crystalline quality as the presence of amorphous material broadens the
peak due to the increased variation in bond length. The FWHM was expected to be
higher at the extremes of the crystalline area and lower at the centre due to the increased
temperature at the centre of the crystalline volume during laser writing, which influences
grain growth, as discussed in Section 2.2. Figure 4.13 shows the change in polySi FWHM

across an arbitrarily selected section of a crystallised track.

This shows that the material properties of the polysilicon tracks are as expected, with a
consistent material quality across the central region, with a FWHM of ~4.25cm ™!, and
that the amorphous fraction increases at either side. The difference between the polysil-
icon and c-Si reference in the track (Apwawm ~ 1.55cm ') suggests that the crystals
are small, as the peak is broadened by the amorphous fraction while still being clearly
associated with the ~520 cm™! crystalline peak shift and not the ~480 cm~! amorphous
peak. A similar material structure to this was observed by Martinez-Jiminez et al., in
their work on direct laser writing in planar a-Si [49]. Due to the unavailability of facil-

ities, no selective etching was undertaken on these samples, however such investigation
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FI1GURE 4.13: Polysilicon Lorentzian FWHM across a laser-written track compared to
the 2.7cm ™! FWHM of a crystalline reference.

of the material structure of the transition regions may give valuable insight into how

crystallinity might be improved in these areas.

4.7 Complex Patterning

To study the use of the laser-definition process for the more complex structures that are
common to photonic systems, S-bend waveguides and Y-junctions were fabricated with a
range of dimensions. As the lowest transmission measurements were seen in waveguides
written at 0.1 mms~! with incident power 80 mW and waveguide width 4 pm, these

parameters were used for the laser crystallisation process.

Similarly to the straight waveguides, a program was created to automatically generate
G-code scripts for the complex structures. The process flow for writing these programs
is shown in Figure 4.14, with details specific to each structure described in the follow-
ing sections. The waveguide structure must be defined, then the intended laser spot
path must be broken down into simple geometric components. For S-bend structures,
this consists of straight lines, mostly in either the positive or negative y-direction, and
semicircular sections, written either clockwise or anticlockwise. For Y-junctions, the
more complex structure requires the calculation of the angle to be swept by the circular
motion. Then, each component is defined in terms of appropriately selected user input
parameters, which must also accommodate the limitations of the fabrication process such
as the known laser spot size as discussed in Section 4.3.2.1. A pseudocode is written,
outlining which component is to be defined in what order, and what input information is
needed for the relevant G-code command. This is then converted into a fully functional
code, which is tested digitally and then by fabricating a sample waveguide to check for

errors.
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FIGURE 4.14: Flowchart showing the process of creating the program to auto-generate
G-code scripts.

4.7.1 S-Bend Waveguides

In order to assess longer lengths, bending losses and more complex structures, a double
S-bend structure was used as shown in Figure 4.15a, with the structure broken into nine
distinct sections. A number of different total length waveguides were created on each
sample as indicated in Figure 4.15b. To define the laser paths, a program was created
requiring six input parameters. This follows a largely similar principle to the straight
waveguide writing process described in Section 4.3.2.1. The first four variables, similarly
to the straight waveguides described above, are the coordinates of points A and B, the
laser track width wr,as and the waveguide core width wwg. The additional parameters
are the desired bend radius r of the semicircular sections and the added length relative
to a straight waveguide between points A and B. In order to simplify the program, the
nominal positions of sections Sy, S, Sg and Sg were kept fixed. Actual positions for the
two laser tracks for each guide were dependent on the desired core width and measured
laser track width as for the straight guides above. The total waveguide lengths were
changed by increasing lengths S3, S5 and Sz, thus increasing the separation of Sy and
Sg, and waveguides with 2mm length increments were created. Nominal bend radii of
the core were kept the same on all 4 semi-circular bends. However, the radii for the two
laser paths either side of the core around these bends were dependent on the core width
and laser track width, these defined by 7ipper = © — 0 and router = 7 + 0, as shown in
Figure 4.15c. These parameters were then used to generate CNC code for controlling
the stage movement. It should be noted that this structure has a minimum additional
length compared with a straight A to B waveguide, when Sz and S7 are zero length and
S5 is reduced accordingly. For r = 100 pm this is ~ 1.7 mm.

Initial S-bend structures were written with a bend radius of 20m, this having been

chosen as bends of this approximate size are common in silicon photonics [40], [116]. A
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a)

A

b)

FIGURE 4.15: a) An S-bend waveguide structure broken down into distinct sections.
The radius of the semicircular sections is kept constant across a set of waveguides, to
ensure that the bending loss contribution is constant. b) The total waveguide length
can be changed by increasing the separation of Sy and Sg. ¢) To fabricate bends, the
waveguide bend radius 7 is used to calculated the radii of the inner and outer cladding,
Tinner and Touter- The background image is of a fabricated waveguide bend.

microscope image of one such bend is shown in Figure 4.16a. However, no transmission
was observed through these, attributed to the narrow bend radius and the low refractive
index contrast between a-Si:H and polysilicon (A = 6.5%) compared to that between
silicon and air (A = 70%). S-bends with a larger radius of 100 pm were fabricated
with added waveguide lengths of 2, 4, 6, 8 and 10 mm, and transmission measurements
attempted. Sections of the shortest of these waveguides are shown in Figure 4.16b. These
also showed no transmission, although some light was seen to be guided in the planar
film. This is assumed to result from two main factors. The first of these is the bend
radius. Extrapolation of data presented by Okamoto [117] indicates that for a refractive
index contrast of 6.5%, a 750 pm bend radius is the approximate cutoff for low bending
losses, and so future work should use waveguides with these dimensions. However, this
is large enough that high-density photonic components are likely not feasible in this
material. More accurate calculation of the minimum bend radius would also be possible
using commercial mode-solver programs. To make accurate simulations of this, greater
detail of the waveguide structure would likely be required, as previously discussed. The
second cause of loss is thought to be increased scattering and absorption at the core-
cladding interface in the bend sections of the waveguide. This is based on the results of

Raman spectroscopy measurements as discussed in Section 4.6.
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FIGURE 4.16: a) A curved section of a 20 pm bend radius s-bend waveguide. b) S-bend
structures with a 100 pm bend radius, demonstrating the addition of waveguide length
by increasing the separation of the bends.

4.7.2 Y-Junctions

The final structure, a Y-junction, requires several parameters that differ from those of
the previous waveguides. The ‘start’ and ‘end’ points A and B are still used, however
the Y structure splits the waveguide into two channels and so B is chosen at the central
point between these. The shape of the junction itself is defined, in addition to the
waveguide width and the crystallised path width, by three primary parameters, which
are shown in Figure 4.17. The first of these is the final separation of the two arms of the
splitter, designated h, the second is the total length of the junction structure [, and the
third is the radius r of the curved sections of the splitter. With these set, the remaining
variables such as the arc angle 6 are derived. When creating the ‘point’ at the inside of
the junction, care must be taken to ensure that the stages change direction at the correct
position, avoiding blocking the second junction arm. Additionally, the ‘blunt’ divider at
the connection results from the circular heating profile and may be disadvantageous to

light guiding.

Y-junctions were created with arm separations of 50 pm, 75 pum and 100 pm, a bend
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FIGURE 4.17: The Y-junction structure with the user-defined variables of junction
arm separation h, junction length [ and curve radius r. From these, the full component
geometry can be calculated.

radius of 75 pm in 45° arc sections, and a waveguide width of 4 pm. This width was
selected as it demonstrated the lowest transmission loss in cutback measurements. Mi-
croscope images of these are shown in Figure 4.18. Similarly to the S-bend structures
no guided mode was seen at the output, however scattered light was seen along the
output facet distributed across the a-Si:H film. This scattered output demonstrates the
lack of confinement that was suspected in the S-bend waveguides, and that was seen
to a lesser extent in the end-on IR camera images of the optimisation test waveguides
shown in Figure 4.9. Further investigations into these structures would first require the
demonstration of lower losses in straight waveguides, and due to time constraints this

has been left to future work.

4.8 Conclusions

A novel method of waveguide definition in typically low-loss a-Si:H has been presented,
using a versatile localised laser-crystallisation process. Proof-of-concept experiments
demonstrated transmission losses below 4.5 dB cm ™!, however comparison between etched
and laser-defined waveguides in otherwise identical material showed a significant dispar-
ity between the two methods. The lowest observed loss in lithographic waveguides was
4.31dBem™! compared to 10.78dB cm™! in laser-written waveguides. The higher loss
in the second set of laser written waveguides is attributed in part to the different heat
transfer from the different laser source. Raman spectroscopy showed that a transition
region exists at the boundaries of the laser-written stripes, in which the silicon has

not been crystallised but the hydrogen content has been reduced by thermally-induced
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FIGURE 4.18: Y-junction structures with arm separations of a) 50 pm, b) 75pum and
¢) 100 pm. Scalebar 20 pm.

outdiffusion. Visible differences in the material under optical microscopy confirmed

the presence and width of these regions, implying that a minimum waveguide width
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is imposed by this process. The unpassivated defect sites in the amorphous material
and the micro-crystalline polysilicon at the core/cladding boundary are suspected to
be the primary sources of loss in these structures. Complex structures were fabricated
to demonstrate the versatile nature of this process, however high transmission losses

prevented the successful demonstration of waveguiding in them.






Chapter 5

Polysilicon Wire Waveguides by
Laser Annealing of Amorphous

Silicon

5.1 Introduction

In the work reported in this chapter, continuous-wave laser annealing was used to fab-
ricate polysilicon waveguides from low-temperature deposited amorphous silicon. The
existing work in the field of polysilicon photonics is outlined, identifying areas of im-
portance for development. Then, the fabrication processes are described, followed by
the methods used for material and optical characterisation. Finally, the results of the

experimental work undertaken are presented.

5.2 Motivation and Existing Work

The earliest reported use of polycrystalline silicon as a waveguiding material was in 1996,
when Foresi et al. demonstrated waveguide losses in excess of 35dBcm™! [36]. Since
then, losses have been reduced to 5.31 dBcem™! by Franz et al. [35], and the substrate
temperatures have been reduced to below the 450 °C limit for BEOL integration with the
standard CMOS process flow. Additionally, optical components such as ring resonators
and electro-optic modulators have been demonstrated. The progression of losses in

polysilicon waveguides is shown in Figure 5.1.

The development of polysilicon as an alternative waveguiding material to crystalline
silicon was suggested as a means of avoiding the limitations in silicon-based optical in-

terconnections [36]. Specifically, the authors of this early work were trying to address
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FIGURE 5.1: Advancement in losses in polycrystalline silicon. Initial results were
obtained using high-temperature oven annealing to promote crystal growth, reducing
transmission losses sufficiently to enable the demonstration of effective optical com-
ponents. Aside from reported losses of 0.5dBcecm™! in high-temperature 10 pm wide
waveguides [42], the reported losses in deposited silicon have now been surpassed by
localised laser crystallisation of low-temperature deposited amorphous silicon.

the requirement in SOI systems that the optical interconnects and electronics share a
Si layer. This limitation exists as c¢-Si cannot be deposited, preventing multilayer fabri-
cation and therefore necessitating a mono-layer architecture. The use of polysilicon by-
passes these issues, while also avoiding the disadvantages of having to turn to alternative
materials. The high refractive index contrast between polysilicon and silica reduces the
device footprint as a higher index contrast reduces the waveguide dimensions necessary
for confinement, a major drawback to previous considerations of glass or lightly-doped
silicon waveguides. Although low-loss a-Si:H can be fabricated at low temperatures, the
poor electron mobility prevents use in optoelectronic components which rely on a high
mobility to function. Therefore, polysilicon, which exhibits a higher electron mobility,

has been investigated with the goal of reducing the transmission loss.

In the first studies by Foresi et al., a-Si films were deposited using low pressure chemical
vapour deposition (LPCVD) and crystallised in an oven annealing process at 600 °C.
Reduction in surface roughness was seen to have a significant effect on the transmission
losses, with a decrease from 77 dB cm ™! to 34 dB cm ™! following the chemical mechanical
polishing (CMP) of the upper waveguide surface. This reduced the root-mean-square
(rms) surface roughness from 20.1 nm to 6.8 nm. These results, in combination with the
derivation of scattering loss by Payne et al. [104], discussed in Section 2.3, indicates that

the minimisation of surface scattering is an important element of waveguide fabrication.

A further study by the same research group demonstrated an additional reduction in
polysilicon losses to 15dBem™! [28]. This was achieved by the hydrogenation of dan-

gling bonds in the amorphous grain boundaries by electron-cyclotron resonance, after
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the 600 °C annealing step. Grain sizes were measured between 0.18 um and 0.4 pm by
transmission electron microscopy, with the largest grains occurring in films deposited at
the lowest temperatures. Although no correlation was observed between grain size and
optical loss in this range, the significant reduction in loss from the hydrogenation step
(34dBem™! to 15dBem™!) is a clear indicator that absorption at dangling bonds is a
significant contributor to optical loss in polysilicon. As these dangling bonds are most
common in grain boundaries, it can be assumed that the losses in polysilicon waveguides
can be improved by increasing grain sizes, thereby reducing the amorphous content and

the absorption from dangling bonds.

Losses were further reduced to 9dB cm ™! by Liao et al [37], by carrying out a secondary
annealing step at 1100 °C. It was observed that this induced several changes which con-
tributed to the reduction in loss. Average crystal grain size was increased, from 0.2 um
to 0.28 pm, in tandem with the thinning of amorphous grain boundaries. In addition, a
decrease in material strain was observed and assumed to have contributed to the lower

losses. However, the influence of strain on transmission loss was not determined.

These early studies provide a strong indication of the primary sources of loss to be tar-
geted in ongoing work, specifically the material surface roughness and the amorphous
fraction. Surface roughness is a consequence of fabrication techniques, and can be sig-
nificantly reduced by post-processing stages such as CMP of the upper surface. The
presence of amorphous material at the polysilicon grain boundaries induces loss by mul-
tiple mechanisms, most importantly absorption of light at dangling bonds and Rayleigh
scattering due to the index change. Telecommunications wavelength light with wave-
length 1550 nm and energy 0.8eV is transmitted well by c-Si as the bandgap is 1.1eV.
However, the presence of dangling bonds in amorphous material introduces defect states
in the bandgap, increasing absorption as discussed in Section 2.3. Providing a compar-
ison to crystalline silicon, Foresi et al. measured transmission losses in c¢-Si waveguides
with identical dimensions to their polysilicon samples. The c¢-Si losses were measured as
1dBem™!, indicating that the crystallinity of polysilicon must be greatly improved to
be considered as a viable material for integration in electrical /photonic systems.

Subsequent to this work, transmission losses of 6.45dBcm™! were reported by Fang
et al. in oven annealed polysilicon [39], with surface roughness of 0.4 nm, achieved by
CMP of the substrate surface before deposition. By calculating scattering losses from the
formulation by Payne & Lacey [104], they determined that scattering from the upper and
lower surfaces at an rms roughness of 0.4 nm contributed only 0.05dBcm™!, indicating
that the remaining surface scattering loss originated from the waveguide sidewalls. This
is reinforced by the observation that lower losses were obtained in wider waveguides, in
which the interaction between the mode and the sidewalls is lower. These conclusions
present a target of o < 0.5 nm for the roughness of all surfaces of polysilicon waveguides,

at which point the difference between measured transmission loss and comparable c-Si
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reference samples may be assumed to originate solely from scattering and absorption at

grain boundaries and in-grain defects.

These observations were confirmed by a study of the relation between waveguide width
and transmission loss by Kwong et al. [42]. The deposition of a 250 nm a-Si film by
low-pressure CVD, followed by a two-step annealing at 600 °C and 1000 °C, produced
polysilicon with grain sizes of ~300nm. Waveguides with widths between 400 nm and
10 pm were fabricated by lithography, with identical structures also made in a c-Si film
for comparison. It was observed in both materials that loss was inversely proportional

I measured in a 10 m wide

waveguide and losses in the comparable c-Si waveguide were 0.31dBcm™!.

to width, with the lowest polysilicon losses of 0.56 dB cm™
In few-
micron polysilicon waveguides, losses of ~ 5dBecm™! were recorded, still lower than
in any other reported losses at the time. These low losses in wider waveguides result
from the ability of these structures to support higher-order modes. Light scattered at
internal grain boundaries will, in narrow waveguides, enter radiative modes, whereas in

wide waveguides the scattered light can enter higher-order modes that are still guided.

To fully prove the potential of polysilicon for photonics applications, both passive and
active components must be demonstrated, in addition to ongoing research into reduc-
tion of transmission losses. Preston et al. manufactured ring and racetrack resonators
in oven annealed polysilicon [38], following the process flow of Liao et al. The measured
rms roughness was 0.7 nm, a significant improvement over previous reports where CMP
of the surface had not been used. Propagation losses in the ring resonators were es-
timated as 18 dBcm™! which, although higher than previously achieved in polysilicon,
have the added impact of bending losses from the 40 pm radius rings. Grain sizes of
0.3 nm were measured by scanning electron microscopy investigation, comparable with
previous reports. Following this, active devices were developed on the same platform,
with the successful demonstration of both an all-optical [40], and electro-optic modu-
lator [41]. The successful demonstration of functional optical devices marked a major
milestone in the development of polysilicon for optics. Although the high-temperature
manufacture process utilised to this point is suitable for FEOL integration, this imposes
the requirement that all polysilicon deposition takes place before the metallisation and
ion implantation stages of the CMOS process flow. The use of laser crystallisation was
suggested for back-end compatibility, which would make use of the extensive research
into excimer laser annealing, as previously discussed in Section 2.2.2, and allow the

substrate temperatures to be reduced below 450 °C.

The first photonic components in CMOS back-end compatible polysilicon, fabricated
in films crystallised by ELA, exhibited comparable performance to those manufactured
in a high-temperature process flow. For all-optical modulators, loaded quality factors
(Q = X\o/AN\ for a resonance wavelength \g and bandwidth FWHM AM\) were measured
as 11,200 in back-end incompatible polysilicon [40], and 2,900 for CMOS compatible
material [45], still sufficient for high-speed optical modulation. Electro-optic modulation
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was also demonstrated in ELA polysilicon, exhibiting a modulation frequency of 3 Gbps
[46], compared to 2.5 Gbps in oven-annealed polysilicon [41], and 40 Gbps in c-Si [118].
As stated by Lee et al. [46], “this method frees silicon photonics from its dependence on
SOI and allows true monolithic integration with bulk CMOS electronics, DRAM, and

even flexible substrates.”

Masaud et al. investigated the low-temperature deposition of polysilicon [44], avoiding
the additional crystallisation stage used in previous works. This deposition of 220 nm
polysilicon films by HWCVD at a substrate temperature of 240 °C produced material
with an average grain size of 85nm, significantly smaller than previous reports from
other techniques, and an rms roughness of 8.5 nm on the top surface. Sidewall roughness
was measured as 4 nm, and cutback loss measurements demonstrated transmission losses
between 16.9 dBcm™! and 13.5dB cm™!, in waveguides ranging in width between 400 nm
and 600nm. Simulations of the loss from surface scattering indicated that the upper
and side surfaces contributed 9.2dBem™! and 3.1dBcm™! respectively. Although the
manufacturing process utilised was compatible with back-end CMOS integration, the
requirement for CMP steps before waveguide manufacture limits the viability compared

with other techniques such as laser annealing.

Although excimer laser annealing typically offers grain sizes of ~ 1 um, the development
of continuous-wave laser annealing in the microelectronics industry has seen reported
grain sizes of up to 600 pm [25]. The CWLA process was applied to fiber structures by
Healy et al., who applied a focused 488 nm laser directly to an a-Si core and scanned the
laser spot along the fiber length. This process utilised the different thermal expansion
coefficients of the Si core and the SiO2 cladding to create a strain-induced bandgap
modification from 1.11eV to 0.59 eV, enabling detection of light in silicon at wavelengths
up to 2100 nm [33]. XRD crystallography indicated crystal grain sizes of up to 200 pm in
the fiber core, and cutback loss measurements showed transmission losses of 5.6 dB cm™1.
The large grain growth was attributed to the high thermal confinement from the fiber
geometry, and it was estimated that alterations to the laser-writing approach would

allow significantly larger grain sizes to be achieved.

Losses of 3dBcm™! were demonstrated in tapered polysilicon core fibers [119]. Taper-
ing involves a similar melting and crystallisation dynamic to localised crystallisation by
CWLA, despite the different method for introducing heat to the system. The core is fully
melted during the tapering process, allowing it to flow and crystallise inside the cladding.
Importantly for low-loss materials, the softening of the fiber cladding acts to reduce the
strain induced during solidification, avoiding the previously observed bandgap modifi-
cation. The crystallinity of the core was investigated by Raman spectroscopy, and seen
to be polycrystalline in nature. The crystal boundaries will therefore have contributed
to the losses, suggesting that with improvement to the crystallisation dynamics, losses

could be further reduced to levels comparable with crystalline silicon.
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Combining elements of the tapering and laser annealing processes, Healy et al. used
a CO; laser to crystallise a silicon-core fiber drawn by the ‘molten-core’ method [34].
The primary loss mechanism in the as-drawn polysilicon-core fibers was identified as
the absorption at internal grain boundaries. During crystallisation, the heating laser
wavelength was absorbed by the silica cladding, causing a controlled localised heating
of the fiber cladding, melting the core through heat transfer. As in tapered fibers, the
softening of the cladding minimised the induced strain. The molten zone was then
moved along the length of the fiber, resulting in single-crystal growth along the full
scanned length, as determined by XRD crystallography. This single-crystal nature was
determined to be a result of the core confinement and full melting, which minimised the
formation of nucleation sites at the trailing edge and promoted growth of the existing
crystal region. The formation of a nucleation site requires undercooling of a liquid
volume, and sufficient time for a cluster of atoms to condense and induce crystallisation of
the surrounding material. The confinement in the fiber geometry avoided nucleation sites
forming from external influences, while the suppression of internal nucleation resulted
from the combination of high power and high scanning speed. The high thermal gradient
minimised the undercooled volume, and the high speed reduced the available time for
formation of the nucleation site. Cutback loss measurements indicated transmission
losses of ~2dBcm™! at 1550 nm, the low loss resulting from the single-crystal nature of

the fiber core.

As mentioned in the previous chapter, the application of CWLA to planar amorphous
silicon has been studied by Martinez-Jiminez et al., who demonstrated optical transmis-
sion at 1550 nm with losses of 9dB cm™! [49]. Direct laser writing of polysilicon tracks in
a planar a-Si film was used to define the waveguide paths, and was followed by selective
etching of the amorphous material to isolate the waveguides prior to transmission loss
measurements. Scanning electron microscopy and XRD crystallography indicated that
the material at the edges of the crystallised paths consisted of nanometer-size crystals
due to the lower temperatures being insufficient to melt the silicon, and therefore crys-
tallisation occurred in the solid-phase regime. These crystals acted as nucleation sites
for the growth towards the core of the treated region, as discussed in Section 2.2.2.2.
These small crystals and the consequent high amorphous fraction resulted in high losses,
suggesting that full melting of the treated region, and therefore avoiding seeding from

the outer edges, may result in significant improvement to the optical quality.

To improve thermal confinement, Franz et al. carried out etching steps in a-Si de-
posited at low temperatures by HWCVD, defining waveguide structures before laser
crystallisation. This allowed full melting of the waveguide, eliminating the seeding of
crystals from the non-melted fringes and encouraging grain growth along the scanning
axis. Crystal grains of up to 1.8 mm were observed, far larger than in previous reports.
Surface roughness after crystallisation was 0.52nm and this, along with the large grain

size, enabled losses of 5.31dBcm™! [35]. These represent the lowest transmission losses
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to date in CMOS compatible polysilicon, and are the target for loss reduction in the
work described in this chapter. Low transmission losses will enable the development of
polysilicon waveguides for optical applications. In particular, the observation and char-
acterisation of nonlinear optical effects is desirable due to the broad range of applications

of nonlinear photonics.

5.3 Waveguide Manufacture

In this section, the manufacture of polysilicon waveguides studied in this project will
be described, expanding on the general processes outlined in Section 3.1. In summary,
a 400nm film of amorphous silicon was deposited by HWCVD, then strip waveguide
structures were patterned using electron-beam lithography. These a-Si strips were crys-
tallised under a focused CW laser beam. Throughout this process, the goal was to keep
the bulk of the substrate at a temperature below 450 °C to ensure compatibility with
the back-end-of-line CMOS process flow.

5.3.1 Deposition of Amorphous Silicon

The substrate material for the polysilicon waveguides was a commercial crystalline sil-
icon wafer with an oxide layer for optical isolation. This platform was chosen for its
similarity with the CMOS systems with which these waveguides are intended to be com-
patible. A 5um oxide layer was grown by thermal oxidation, a process chosen for its
capacity to produce high-quality silica. Although the growth temperatures are high,
low-temperature CVD silica layers would be suitable choices for practical integrated

systemns.

After the growth of the oxide layer, the chip was cleaned with acetone, isopropyl alcohol
and deionised water, then all residues were removed with a plasma asher. Hot-wire
CVD was carried out using an Escherkon Nitor 301, as shown in Section 3.1.1.1. The
HWCVD process was chosen due to its capacity for producing low-hydrogen films at
low temperatures. Other processes, such as plasma-enhanced CVD and low-pressure
CVD, typically produce films with a high hydrogen content during deposition at low
temperatures, however the presence of hydrogen has been shown to introduce the risk of
sample damage during the following crystallisation stage [79]. The substrate was heated
to encourage uniform material adhesion, and the temperature was set to 230 °C to ensure
the CMOS thermal budget was not exceeded. A five minute warming period was allowed
to ensure the substrate reached the set temperature before deposition began, ensuring
a constant deposition rate throughout the process. To remove potential contaminants,

the deposition chamber was evacuated to a pressure of 10~ mbar.
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The tungsten filament was heated to a temperature of 1730 °C with a current of 41 A
and a voltage of 26 V. The silane precursor was passed over the filament at a flow rate
of 40 standard cubic centimetres per minute (sccm), causing thermal decomposition to
Hy and Si. The molecular hydrogen was removed from the deposition chamber by the
vacuuming systems while the Si adhered to the sample surface. The deposition rate
was monitored by checking the film thickness after a short initial deposition period, and
the remaining deposition time was adjusted accordingly to give a material thickness of

400 nm, which was checked after deposition with an ellipsometer.

5.3.2 Electron-Beam Lithography

The electron-beam exposure was carried out following a positive pattern which iso-
lates the waveguides with a 5pm wide channel. This ensures thermal confinement for
full melting of the strips during laser processing. The lengths of the waveguides were
20mm, to give sufficient length for cutback loss measurements followed by nonlinear
characterisation. Waveguide widths of 1, 1.5, 2, 3 & 4 pm were investigated. Figure 5.2
compares a section of the digital lithography mask and a microscope image of an etched
waveguide. The cross-hatched areas of the mask show the region to be exposed to the
electron beam during the patterning step, and match the dark regions of the microscope
image of the etched waveguide which are the channels etched down to the silica BOX

layer.

1»5 Sum
|

FIGURE 5.2: Comparison between digital electron-beam lithography mask (left) and
etched sample (right). The hatched areas are exposed to the electron beam and subse-
quently etched to the oxide layer. A 3 um wide wire is isolated by 5 um wide trenches.

The resist development removes the exposed areas, in which the resist is chemically
altered by the incident electron beam to become soluble. Once the resist is developed,
an ICP-RIE process removes the exposed silicon as described in Section 3.1.2. The
process uses two gases, each with a specific purpose. Sulphur hexafluoride (SFg, flow 25
scem) reacts with silicon, removing the exposed material, while octofluorocyclobutane
(C4Fg, flow 59 sccm) acts as a passivation for the etched sidewalls, preventing lateral
etching of the film and therefore providing higher etching accuracy. These chemicals

and flow rates gave an etching rate of around 190 nms™!.
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5.3.3 Laser Crystallisation

Following definition by e-beam lithography, the a-Si wires were crystallised by direct
CW laser melting, as shown in Section 3.1.3. By scanning the focused laser spot along
the waveguide, the amorphous material was melted and recrystallised as polysilicon.
The incident power was set close to the ablation threshold, as this has been shown to
increase the crystal size [100]. The lithographic definition of the waveguides, as discussed
in Section 5.3.2, was carried out to improve thermal confinement and ensure complete
melting of the waveguide volume. The trenches between the waveguide and the planar
a-Si acted as horizontal thermal isolation, and the low thermal conductivity of air and
silica relative to silicon (see Table 5.1) reduced the vertical heat transfer away from the

waveguide.

Material Thermal Conductivity Thermal Expansion Coefficient

(Wm—tK™1) (K1)
Air 0.026 [120] -
SiO, 1.3-1.5 [121] 0.55 x 1076 [122]
Si 148 [120] 2.6 x 1076 [123]

TABLE 5.1: Thermal conductivity and thermal expansion coefficient of silicon, silica
and air.

It has been shown in simulations of comparable lower temperature systems that silica
acts as an effective insulator in a fiber geometry [33]. In a quasi-steady state with a
maximum temperature of 1600 K, temperatures dropped to below the CMOS thermal
budget at a distance of under 1 pm from the core/cladding interface. The systems studied
in this project were at a significantly higher temperature, estimated to be nearly 3540 K,
the boiling point of silicon. This is due to the laser crystallisation being carried out close
to the ablation threshold. However the BOX layer thickness was 5pm, and therefore
the thermal transfer to the substrate is unlikely to be a barrier to CMOS integration.
A further investigation of this would be of value, but has not been carried out due to

time constraints.

a) b) c)

] I

FIGURE 5.3: Cross-section schematic of wire structures during laser crystallisation. a)

Amorphous silicon with etched channels providing thermal isolation. b) During laser

crystallisation, the wire is locally melted and reshapes due to surface tension. ¢) The
semi-elliptical cross-section is maintained after crystallisation.
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The differing thermal expansion coefficients of silicon and silica, as listed above, must
also be considered when carrying out laser crystallisation. As observed in fiber systems
by Healy et al. [34], the presence of silica material adjacent to laser-crystallised silicon
can induce thermal stress, altering the optical properties. This may, in future work, be
applicable to bandgap tailoring in these waveguide structures, but at the present time
this has not been investigated. However, strain was observed in Raman spectroscopy
measurements, resulting from the greater expansion of the waveguide relative to the

oxide layer. This is discussed further in Section 5.4.2.

The fully molten volume reshapes due to surface tension, as shown in Figure 5.3. The
waveguide reshaping carries the benefit of reducing the surface roughness, as the upper
surface maintains the surface tension-induced smoothness during solidification. Atomic
force microscopy (AFM) measurements before and after crystallisation have shown an
improvement in the rms roughness (Figure 2.7) from 3.4nm to 0.5nm, reducing the
estimated scattering loss from 15dBcm™! to 0.4dBcm™!. Figure 5.4a shows the AFM
measurement of an arbitrarily selected area of as-deposited amorphous silicon, and Fig-
ure 5.4b shows an AFM measurement of a section of a polysilicon waveguide. The
occasional high points on the polysilicon surface are believed to be residue from the
polishing procedure used on the sample studied. Figure 5.4c and d show scanning elec-
tron microscopy (SEM) images from an as-etched and annealed waveguide respectively.
Here, the reshaping effect of the melting during crystallisation is clearly seen from the
altered structure before and after laser writing. The surface contaminants in the post-
crystallisation SEM image are polishing residue, supporting the assumption that this is
true of the AFM image. This also suggests that the true rms roughness would be lower
than the calculated 0.5 nm.

In some instances, it was observed that the etching process did not fully remove the
amorphous material in the isolating channels. When this occured, several unwanted
effects were observed during the crystallisation process. Most significantly, the shape
of the crystallised region was significantly different from the desired structure shown in
Figure 5.4. The non-etched material acted as a channel along which heat flowed out of
the central waveguide region, negating the benefits of the etching stage. Furthermore,
different results were seen from the reshaping of the molten material. As a thin layer of
Si remains in the etched channels, which is not fully melted due to the lower power at
the edges of the incident beam, the silicon flattens out and spreads, instead of taking
the approximately semi-circular shape described above. This is displayed in Figure 5.5,
showing a crystallised area that had not been fully etched during the lithography process.
The outer edges of the a-Si are crystallised by SPC, likely resulting in poor crystal size
as discussed in Section 2.2, and the reduction in film thickness made light injection

unfeasible.
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FIGURE 5.4: Atomic force microscopy image of a) as-deposited amorphous silicon and

b) a crystallised waveguide. A smooth waveguide surface is seen with a measured root-

mean-square roughness of 0.5nm. Scanning electron microscopy c) before and d) after

laser crystallisation shows the change in cross-section. Surface contamination in d) is
the residue of wax adhesive used in the polishing process.

- —

FIGURE 5.5: a) Microscope image and b) diagram cross-section along the dashed line of
a laser-crystallised waveguide with insufficient channel etching. The a-Si strip flattens
when melted, as it is not ‘contained’ by surface tension.

5.4 Material Characterisation

Investigations of the material quality of the polysilicon waveguides were carried out to
provide additional quantitative data feedback on the crystallisation parameters used.
Visual inspection of the waveguide surfaces with an optical microscope was used to
identify the presence of major defects and scattering points, and is a quick method to
assess the surface roughness and the consistency of the waveguide shape. It was also
used for a rapid initial assessment of the viability of each waveguide for transmission
measurements. Raman spectroscopy data provided information on the amorphous and
crystalline fraction in the examined volume, and XRD crystallography was used to
directly measure crystal grain sizes. All of these factors contribute to the losses of
a waveguide due to surface scattering, and the absorption and scattering of light at

amorphous grain boundaries.
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5.4.1 Visual Inspection

Microscope imaging of the waveguide upper surface provides quick identification of de-
fects in the waveguide structure and qualitative feedback on the anticipated transmission
quality. Imperfections in the structure induce losses due to either scattering or absorp-
tion, or in some cases, such as ablation, will prevent transmission entirely. The ideal
structure, shown in Figure 5.6, is a smooth waveguide with no deviation in the surface
along the whole observed length. The lighter central region fading to the darker edges is
characteristic of the curved shape when seen under top-down illumination, as a greater
proportion of the incident light is reflected by the upper surface. The darker channels
to either side of the waveguide are the SiO2 BOX layer which is exposed by e-beam
lithography.

FIGURE 5.6: Microscope image of a well-crystallised polysilicon waveguide, with a

smooth and consistent surface along the full length. Losses in this waveguide were
1

measured as 4dBcm™".
Visible defects in the waveguide structure were common due to the sensitive nature of
the laser crystallisation process. The most frequently observed defects are detailed here,
with remarks on the source of each and its impact on waveguide transmission. Example
microscope images of these are shown in Figure 5.7. Although the most severe defects
are seen easily, some such as minor structural imperfections or embedded defects are
best observed under differential contrast interference microscopy (DCIM), as shown in
Figure 5.7b and c.

FIGURE 5.7: Defects observed in polysilicon waveguides following laser processing. a)
Ablation, b) ‘wavy’ structure, ¢) embedded defect, d) uneven surface structure.

In the most extreme examples, the waveguide material may be completely removed dur-
ing laser processing, as shown in Figure 5.7a. These ablation cases resulted either from

a significant excess of power, or the ignition of surface contaminants. In either case,
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the damage resulted in total loss of coupled light, rendering a waveguide unusable. Par-
ticulates scattered around the waveguide were observed after ablation, indicating that
the removed material was then redeposited in the vicinity. For closely-spaced waveg-
uides, these may result in scattering losses in adjacent waveguides. Large (300 pm)
spacings have avoided this, however in on-chip applications the gaps would be smaller
to maximise use of the chip real estate. To avoid this damage occurring, the laser power
was tested before each laser crystallisation step and carefully monitored throughout.
Care was also taken to remove surface contaminants: three-step ultrasonic bath clean-
ing with acetone, isopropyl alcohol and deionised water removed organic and inorganic
particulates, a pressurised dry air line allowed zero-contact removal of dust immediately
before crystallisation, and the laser writing system was within a closed perspex container
throughout the processing. In some cases this did not remove all contaminants, and so
for maximum protection, the entire process would ideally be carried out in a cleanroom
environment, avoiding all contact with a high-particulate atmosphere, or in an inert

chamber to entirely eliminate environmental effects.

A commonly observed defect was a regular oscillation in the waveguide following laser
crystallisation (Figure 5.7b). Unlike the ablation of material, this did not prevent trans-
mission measurements being undertaken, however the impact on the losses has not been
characterised due to time constraints. This irregular structure is expected to have a
detrimental effect on transmission due to enhanced scattering. The oscillations were ob-
served to be periodic in time, with spatial frequency dependent on the stage movement
speeds. These oscillations have since been eliminated using vibration isolation systems

on the optical table on which the crystallisation setup is mounted.

On occasion, waveguide defects were observed where some embedded material was de-
forming the waveguide or would be blocking the path of light through it, as shown
in Figure 5.7c. This is assumed to be instances where surface contaminants have not
ignited and induced ablation, but have instead been incorporated within the liquid sil-
icon during melting. However, these defects can be avoided by a systematic check of
the waveguide surface using the positioning and monitoring camera immediately before
starting the crystallisation process. Residual surface contaminants could be identified
using this, and appropriate measures to avoid damage, such as further cleaning, could
be taken.

In some waveguides, an inconsistent cross-section and a corresponding uneven surface
structure was observed (Figure 5.7d). Distinct from the previously mentioned sidewall
oscillations, these faults generally resulted in losses too high to take transmission mea-
surements. Resulting from incomplete melting during laser processing, these areas do
not have the surface tension induced shape shown in Figure 5.3. This is caused by insuf-
ficient heat transfer to the waveguide, due to either insufficient laser power or improper

focusing resulting in a larger beam spot, and therefore lower intensity. These defects
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were observed following system realignments or alterations, when the correct focus po-
sition had not been accurately determined, but were fixed by redetermining the z-axis

position for laser focus and the total power at laser focus.

5.4.2 Raman Spectroscopy

The optical quality of polycrystalline silicon is dependent on the crystalline fraction, as a
lower amorphous content reduces absorption. Raman spectroscopy can be used to make
an assessment of the crystalline fraction by comparison with a pure crystalline silicon
reference sample, as a rapid, non-contact, non-destructive characterisation process. The
characteristics of interest in this process are the peak position and the FWHM of the
polycrystalline Raman response. This peak has contributions from both the amorphous
and crystalline spectra, which are shown in Figure 5.8. The amorphous peak is broad
and centred at approximately 480 cm™!, while the crystalline peak has a FWHM of

2.7cm™! and is centred at 520 cm™!.

The peak position indicates the material strain,
which results from the difference in thermal expansion coefficients between the silicon
and the silica BOX layer as discussed in Section 5.3.3. The strain in the waveguide
changes the material bond lengths, which in turn influences the Raman shift. A study
to comprehensively determine the influence of material strain on transmission loss would
be of value, as it would help to guide further development of this technique. The FWHM
indicates the crystalline fraction, as the unstructured nature of amorphous material

results in a greater variety of bond lengths.
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F1GURE 5.8: Comparison of Raman spectra of amorphous and crystalline silicon, both
normalised to the crystalline peak intensity.

As an example, comparison between the crystalline spectrum and the spectra of high

and low crystallinity polysilicon is shown in Figure 5.9. The data and fits show the
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Voigt peaks, before the separation of Lorentzian and Gaussian influences. High-quality
polysilicon exhibits a Voigt peak of similar width to c-Si, shifted to lower wavenumbers by
strain. Low-quality polysilicon has a broader peak, resulting from the greater variation

in bond length from increased amorphous content.
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FIGURE 5.9: Raman peaks for unstrained crystalline silicon (c-Si Data) and strained

polysilicon with high (Data 1) and low (Data 2) crystallinity. The strain and amor-

phous content broaden the polysilicon peaks and shift the peak position to a lower
wavenumber. A greater amorphous fraction results in a broader peak.

5.4.3 X-Ray Diffraction Crystallography

To investigate crystal grain sizes, X-ray diffraction crystallography was carried out at
the Diamond Light Source facility. X-ray diffraction crystallography allows direct de-
tection of individual crystal grains, providing useful information regarding their size
and orientation. As the optical loss is adversely affected by the presence of amorphous
boundaries between grains, it is useful to determine the relation between crystallisation

conditions and grain size.

As described in Section 3.2.2, an X-ray beam with a focused spot diameter of 2pum
was directed onto the waveguides with a grazing incidence, maximising the intersection
between the beam and the waveguide. The beam energy was set to 16.8keV and the
diffracted beam was captured by a detector screen positioned to intersect with one
quadrant of the Debye cone. Calibration patterns, as shown in Figure 5.10, were captured
experimentally from a silicon crystal powder and were used to accurately determine the
sample-detector separation. The spacing of each crystallographic plane is known, as is
the wavelength of the incident beam. From these, the diffraction angle from each plane
is known from Equation 3.3. By fitting the diffraction rings using the DAWN (Data
Analysis WorkbeNch) program [124], the distance from the X-ray beam impact site to

the detector screen can be calculated.

After calibration, XRD spectra were captured for a series of points along each waveguide
separated by 50 pm. The spot size perpendicular to the waveguide was ~ 3 pm, sufficient

to cover the entire waveguide width. The grazing incidence extended the spot along the
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(111)* (220) (311)! (400) (331)

FIGURE 5.10: Theoretically calculated x-ray diffraction rings (red), showing the ex-
pected scattering angles of crystallographic planes, overlaid onto the experimental poly-
crystalline calibration pattern. Dark spots show high signal intensity.

waveguide to nearly 50 pm in length, maximising the number of crystals that would be
detected. The number of distinct crystal signals within each scanned area was recorded
to measure the local crystalline quality. Additionally, by tracking the presence of diffrac-
tion signals in consecutive points along each waveguide, the length of each crystal was
measured with a resolution equal to the step length between measurements, in this case
50 pm. Figure 5.11 shows examples of the diffraction patterns from a monocrystalline
(a) and polycrystalline (b) region respectively. In these images, darker areas represent
greater signal strength. The solitary signal from a (311) plane in the monocrystalline
image shows as a high intensity signal as it is the only crystal in the investigated region.
In the polycrystalline image, there are eight spots with lower intensities, as the diffracted
beam is split across many directions. The apparent vertical division in each image (the
straight lighter line approximately central to the image) is believed to be a “shadow” of

the sample.

a) b)

ﬁ . 3

FIGURE 5.11: Diffraction patterns from a) a monocrystalline region with crystal ori-
entation (311) and b) a polycrystalline region with crystals visible from the (220),
(311), (400), (331) and (442) orientations.
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5.5 Optical Characterisation

The defining characteristic of waveguide quality is the optical performance, which is
determined by measuring the linear transmission at the wavelength of interest. Optical
loss measurements by the cutback method were used to determine the transmission and
coupling losses of waveguides manufactured by the methods described above, using a

CW laser source emitting at the conventional telecommunications wavelength 1550 nm.

5.5.1 Transmission Loss Measurements

To obtain linear loss measurements, the procedure described in Section 3.2.3 was fol-
lowed. As this has already been detailed, a summary is presented here. A CW diode
laser emitting at 1550 nm was collimated and focused into a waveguide input facet using
a 60x focusing objective. The facets were checked by optical microscopy after cleav-
ing, and the facet with the smoothest surfaces and fewest defects was chosen for input
coupling. The waveguide output light was collected and re-collimated using a 40x ob-
jective lens and passed through an aperture to isolate the waveguide output. This was
directed onto an infrared-sensitive camera to allow initial optimisation of coupling, then
a power detector was used to give more accurate feedback for fine-tuning. The input and
output powers were recorded, and the loss calculated using Equation 2.3. This process
was repeated at multiple waveguide lengths, and a linear best-fit line was fitted to the

resulting graph of length against loss.

5.6 Laser Crystallisation Work

During this project, two different CW laser sources were used for the crystallisation
stage of waveguide fabrication. The first was a Coherent Innova Ar™ gas laser emitting
at 488 nm, however following a critical failure this was replaced by an IPG Photonics
GLR 10W fiber laser emitting at 532nm. Different sets of results were achieved with

each, and these have been separated in the following sections.

Using the Art gas laser, initial fabrication work was carried out with the main focus
being on optimising the material quality, as studied by Raman spectroscopy and XRD
crystallography. Although optical transmission measurements were attempted, damage
during the polishing stage of the cutback process prevented the collection of sufficient

data from any samples.

While awaiting a replacement of the failed Art laser, the use of other laser sources
was investigated including a frequency-doubled 244nm Ar™ gas laser and a 445nm
Roithner Lasertechnik diode laser. However, the former was installed in a laser writing

system designed for other applications and with limited availability, while the latter
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did not provide enough power to the sample surface to melt the a-Si wires. Therefore,
neither were used further for this work after initial tests. Additionally, investigations into
alternative methods for facet preparation during cutback were carried out, and it was
determined that cleaving was more suitable. The polishing and cleaving processes, with

the associated advantages and drawbacks of each, have been discussed in Section 3.2.3.2.

Following the installation of the 532nm fiber laser, crystallisation work resumed. Cut-
back loss measurements were achieved, and nonlinear propagation was observed and
characterised. Further Raman spectroscopy measurements were taken to establish a
connection between material and optical characterisation results, although no XRD
measurements were taken as access to the Diamond Light Source facility was no longer

available.

The fabrication conditions and characterisation results from waveguides produced using

the two different lasers are detailed in the remainder of this chapter.

5.6.1 Argon-Ion Laser

For early crystallisation work, electron-beam lithography was used to define waveguides
structures with widths of 1, 1.5 & 2pm in 400 nm thick HWCVD a-Si films. Crystalli-
sation was carried out using the apparatus described in Section 3.1.3, with a 488 nm
wavelength incident beam focused though a 10x, 0.25 NA objective. The stage scan-
ning speed was 0.1 mms~! for all waveguides. Short testing sections were written at a
range of powers and these were examined with a microscope to initially determine the

material quality.

FIGURE 5.12: Microscope images of laser-crystallised 1 pm waveguides at powers from
150 mW to 230 mW.
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An example of the optical microscopy observations is shown in Figure 5.12. This shows
images of test sections of 1pm waveguides crystallised with incident powers between
150 mW and 230 mW in 10 mW increments. At 150 mW, no significant change to the
waveguide structure is seen, indicating that the transferred power was insufficient to
induce melting. At 160 mW, reshaping is irregular and inconsistent, and therefore higher
powers are expected to fully melt the silicon strip. Between 170 mW and 220mW the
waveguide shape is smooth and uniform, and so this power range was selected for further
investigation. Tests at 165 mW and 225 mW were also carried out to more accurately
determine the upper and lower thresholds for crystallisation. Finally, laser processing at
230 mW is seen to ablate the amorphous material, and scattered particles are visible as a
grainy texture in and around the etched channel. For both 1.5 pm and 2 pm waveguides,
complete melting began at 190 mW and ablation did not begin under maximum incident

power (240 mW) unless triggered by some form of surface contamination.

Following these tests, full-length waveguides were written with powers across the range
in which full melting was observed, and the material quality was measured using Ra-
man spectroscopy following the method described in Section 5.4.2. From studies of the
dynamics of continuous-wave laser annealing by Michaud et al. [100], it is expected
that the Lorentzian peak FWHM will approach that of crystalline silicon as the power is
increased. They observed that for a constant laser scanning speed, crystal grain size cor-
relates with the incident laser power. Grain size is, in turn, connected to the amorphous
content of polysilicon, and an increased amorphous fraction will broaden the Raman
response due to a greater variation in bond length. Figure 5.13 shows the lowest mea-
sured FWHM for the different waveguide widths and annealing powers, showing that
good crystallinity can be obtained using this process across a wide range of conditions.
The lowest FWHM are seen in the 1 pm and 1.5 pm waveguides, and it is thought that
this results from the higher thermal confinement from the smaller dimensions. However,
it seems likely that similar results would be obtained from 2pum structures under the

correct conditions.
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FIGURE 5.13: Lowest Raman FWHM in 1 pm, 1.5 pm and 2 pm waveguides, compared
to annealing power.
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Higher FWHM, not shown here, were obtained across the entire range of tested powers,
suggesting that the results from Raman spectroscopy may be highly dependent on the
exact positioning of the excitation laser during measurements. The excitation laser was
focused to a spot diameter of ~1pm, and so will not fully encompass grains larger than
this. On a single waveguide, Raman spectra taken at the middle and ends of a crystal
grain, as shown in Figure 5.14, will exhibit different responses due to the different amor-
phous fraction. This image was taken using scanning electron microscopy, following the
selective etching of amorphous silicon by a standard Secco etch process. The etching
solution consists of potassium dichromate (K2CrgOr7), which oxidises amorphous silicon,
and hydrofluoric acid (HF) which etches silica. Scanning electron microscopy then re-
quires a gold coating to avoid charge accumulation, and so this is a fully destructive

process and was therefore only carried out on a few selected samples in this project.

FIGURE 5.14: Selective etching of amorphous silicon reveals the grain boundaries, seen
here under scanning electron microscopy. Circled regions are mid-grain (blue) and
end-grain (orange) points, which will return Raman spectra with different widths.

Some waveguides were selected for investigation by XRD at Diamond Light Source.
The waveguides investigated were early samples for which loss measurements were not
successfully obtained due to sample damage during the cutback loss measurement pro-
cess. Two notable results from these investigations were the observation of a locally
monocrystalline section of a waveguide as shown in Figure 5.15, and the presence of a
single crystal grain extending over 1.6 mm shown in Appendix B. These maps mark the
presence of distinct crystal grains at points separated by 50 pm. The monocrystalline
region in Figure 5.15 is a section of a larger crystal that spans a total length of 650 pm

(Crystal 5), with no concurrent signals observed in a 200 pm region towards one end.

Both the monocrystalline section and the long crystal were observed in a waveguide of
width 2 pm, crystallised at 0.1 mms™! with an incident power of 90 mW through a 20x
magnification focusing objective, which produced a spot diameter of 2.5 pm. The lower
power requirement for high-quality crystallisation is due to the smaller spot diameter
from the higher magnification objective and the resulting higher intensity. The large
grain size is consistent with previous large-grain observations from CWLA processes
within our research group, in which crystals with approximate lengths of 1.6 mm and
1.8 mm were recorded [79], and is more than 6 orders of magnitude larger than reported

grain sizes from excimer laser annealing.



Chapter 5 Polysilicon Wire Waveguides by Laser Annealing of Amorphous Silicon 85

Position (um)
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
1
2
3
o|4
e
g 5
Z |6
=
‘g 7
5 s T
9
10
11

FIGURE 5.15: Map of crystals detected adjacent to a 650 pm long crystal, with a 200 pm
long monocrystalline region from 500 pm to 650 pm.

The growth of single grains on this scale, and the demonstration of monocrystalline
regions in polySi waveguides manufactured by CWLA, clearly demonstrates the potential

viability of this method for the creation of optical-quality polysilicon.

5.6.2 Fiber Laser

Following the replacement of the laser source with the high-stability 532 nm fiber laser,
samples were fabricated with increased waveguide widths of 2, 3 and 4pm. This was
done to improve waveguide durability, as cleaving had been observed to damage smaller
waveguides more frequently. The deposition and etching process and parameters re-
mained unchanged, but the laser crystallisation conditions were affected by the change
in wavelength from 488 nm to 532 nm, as this affects the absorption. Following material
and optical characterisation of waveguides crystallised with a range of conditions, the

I scanning speed and

parameters which produced lowest loss were identified as 0.1 mm s~
incident power 285 mW with a waveguide width of 3um. A sample was fabricated with

all waveguides 3 pm wide and processed with these conditions.

In a similar manner to the work in Section 5.6.1, optical microscopy was used to de-
termine the power thresholds for reflow and ablation by examining the results of the
crystallisation of short test sections. Incident laser power Pggmple Was controlled in two
ways - a coarse setting of the laser output power Pr,s in 100mW increments, and ad-
justing the angle of the half-wave plate ), in the beam path in 5° steps. The relation

between Ppqs and Pggmpie is shown in Table 5.2.
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9}\/2 PSample
PLQS =600mW PLas =T700mW

20° 121 mW 141 mW
25° 182 mW 213 mW
30° 240 mW 280 mW
35° 285 mW 330 mW
40° 336 mW 392mW
45° 358 mW 417TmW

TABLE 5.2: Variation in incident power at sample surface with laser output power and
half-wave plate angle. Lost power at maximum transmission (45°) results from other
components in the optical system.

In this section, reference will be made to sample sets, individual chips, groups of waveg-
uides and individual waveguides. To ensure consistency, these will be referred to ac-
cording to the labels assigned during experimental work, and so the labelling system
is explained here and shown in Figure 5.16. A label consists of up to four elements
separated by a period, for example “21.1.E.5”. The first element, here ‘21°, designates
the sample number, and corresponds to a set of samples (typically 2cm x 4 cm wafer
chips) on which the deposition of the optical silicon layer was carried out simultaneously.
The second element, here ‘1°, indicates which of the chips in that sample set is being
referred to, as the deposition was usually done on between 2 and 4 chips at once. The
lithography masks used defined sixty waveguides on each chip, in six groups of ten, and
so the third element of the label designates which group is being referred to - in this
instance the label ‘E’ designates the fifth of six groups. Finally, the fourth element, in

this example ‘5’, corresponds to a waveguide within the group.
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21.1E. e
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21.1E0 e
21.LF 21.1.E 10

Set (4 Chips) Chip (6 Groups) Group (10 Waveguides)

FIGURE 5.16: Distinction between a set of chips, the groups on a chip, and waveguides
in a group.
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5.6.2.1 Sample Set 21

Following the lithographical definition of waveguides with widths 2 pm, 3 pm and 4 pm,
crystallisation was carried out on test sections at speeds of 0.1 mm s~ and 1 mms™! with
Pras = 600mW and 6, between 20° and 45° in 5° increments, giving incident powers
listed in Table 5.2. Microscope images of the test sections are shown in Figure 5.17. At

1

v = 0.1mms™", annealing at 182mW or higher resulted in full melting and reflow for

all waveguide widths, and ablation occurred at Pggmpre > 336 mW. At 1mm s~L, the
reflow threshold was 240 mW, and ablation was not observed in the tested power range.
The waveguide width was not seen to cause any change in the incident power thresholds
for reflow or ablation, however the incident power steps of ~ 50mW are significantly
higher than in previous work. Examination of the test sections by optical microscopy
showed that the best results were obtained with 285 mW at 0.1 mms~! and 358 mW at

Imms~!, and so waveguides were fabricated with these conditions.

FIGURE 5.17: Annealing tests on 3pm waveguides at 0.1mms~' (top row) and

-1

1mms~" (bottom row).

Raman spectroscopy was used to investigate the material quality, as described in Sec-
tion 5.4.2. The highest crystalline fraction was observed in a 3pm waveguide crys-
tallised with incident laser power 285 mW and scanning speed 0.1 pm, with a FWHM
of 2.72cm™! and peak position 517.5cm™!. Comparison of this Raman peak to a crys-
talline reference is shown in Figure 5.18. The peak position is attributed to residual
stress as discussed above, while the FWHM indicates that the measured region of the
waveguide is nearly pure c-Si. To determine the uniformity of the material produced
by this process, a series of 137 spectra were collected along a waveguide at 1 pm inter-
vals. The polySi peaks for each point are shown in Figure 5.19a. The FWHM of each
spectrum was calculated, and an average deviation from the mean of 4.1% was found,
indicating a high uniformity over the measured length. The FWHM at each point is
shown in Figure 5.19b. The selected point at 135 pm is a fitting error, as it shows a
FWHM lower than the c-Si reference (horizontal black line at 2.7 cm™!). The initial 15
points are also high due to fitting errors and were therefore ignored for the calculation

of the deviation, but have been included for completeness.
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FIGURE 5.18: Comparison of Raman spectra from a crystalline reference (FWHM
2.7cm ™) and a highly-crystalline polysilicon waveguide (FWHM 2.72cm™1).
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FIGURE 5.19: a) Raw data and b) calculated FWHM of 137 Raman spectra taken

along a polysilicon waveguide at intervals of 1pm. The FWHM are compared to the

¢-Si reference (horizontal black line). The high FWHM at points 1-15 and the low value
at point 135 are known to result from fitting errors.

Following laser crystallisation and initial material quality assessment by Raman spec-
troscopy and microscope inspection, the optical transmission losses of the waveguides
at 1550 nm was measured by the cutback process. Facets were prepared by mechanical
cleaving and the input and output powers were measured using the setup shown in Fig-

ure 3.10. At each step of the cutback process, approximately 3 mm was removed from
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the output facet end of the sample, keeping the input facet constant to minimise the
variation in the coupled input power. This process was repeated at a range of waveguide
lengths, and the transmission and coupling loss were calculated from the gradient and
y-intercept of the linear fit to the data. The lowest observed losses for each set of param-
eters used when processing this sample were: (3.98 4 0.73) dBcm™! in a 3 pm waveguide
crystallised at 0.1mms™! with Psgmpe = 285 mW, (10.06 & 0.33) dBem ™! for a 4pm
waveguide crystallised with 0.1mms™! and 285 mW, and (10.53 +0.33)dBem™! for
4pm, Imms~! and 358 mW. These loss measurements are shown in Figure 5.20. Opti-
cal coupling was also attempted on non-crystallised a-Si waveguide structures, however
no output light was observed at any waveguide length. As total losses of up to 50dB
were measured in polySi waveguides, the total loss in a-Si is assumed to be significantly
higher than this.

45 : :
x  398dBem’!

40 ro°  10.06dBcm™
10.53 dB cm’!

35

Loss (dB)
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FIGURE 5.20: Lowest measured linear losses from each processing parameter set, with
waveguide widths of 3, 4 and 4 pm respectively.

As previously reported, the largest crystal growth under CWLA occurs when material
temperatures approach the ablation threshold [100]. This carries associated risks, dis-
cussed in Section 5.4.1, whereby minor fluctuations in the incident power, or external
surface contaminants, cause damage to the waveguide during crystallisation. This, as
well as the damage which occurred during the polishing process, meant that transmission
losses were not obtained for the majority of manufactured waveguides. Additionally, the
cutback method assumes a constant overall coupling loss. The inconsistencies from the
cleaving process, and the accumulation of scattering points on the waveguide surface,
meant that many waveguides produced inconsistent and unreliable results. Finally, the
sensitivity of the material quality to the crystallisation conditions meant that low trans-
mission losses were observed in only a small number of waveguides. Full loss data from
all successfully characterised waveguides is presented in Appendix A, which lists the

dimensions, processing conditions, and transmission and coupling losses of each.

The measurement of the lowest losses in waveguides with initial width 3 jum, crystallised

with incident power 285mW and laser scanning speed 0.1 mms™?

is contrary to the
observations of Healy et al. in fiber geometries, who observed the lowest losses in fibers

annealed at higher speeds [34]. Based on this fiber work, and on investigations by
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Michaud et al. who identified an optimum scanning speed of 7cms™! [100], higher
scanning speeds were investigated. Laser crystallisation was carried out on planar re-

1

gions to determine an approximate incident power threshold at speeds of I mms™ and

10mms~!, however at these speeds an oscillation in the beam path was observed. This

L was selected for further

was more significant at higher speeds, and so only 1mms™
investigation. Waveguides with width 2p1m were crystallised at 1 mms~! with incident
powers of up to 392mW, however the lowest measured loss in these waveguides was
(9.22 4 0.76) dB em~!. These losses are believed to result from the fluctuations in the
beam position during crystallisation, that likely resulted in an uneven surface and there-
fore high scattering. A microscope image of an unstable waveguide surface is shown in

Figure 5.21a, and the measured (9.22 +0.76) dBcm ™! losses are shown in Figure 5.21b.

a)

Loss (dB)

0.6 0.7 0.8 0.9 1 1.1 1.2
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FIGURE 5.21: a) Waveguide structural instability and b) measured loss in a 2pm
waveguide crystallised at 1 mms~! and incident power 358 mW.

As discussed in Section 5.4.1, the inconsistent beam position is now known to be a
technical issue with the equipment in use at the time, and so the use of higher anneal-
ing speeds remains a possible avenue of further investigation. Although the problem
has been resolved, this was only achieved after the work reported in this thesis had
concluded. Additionally, the amorphous silicon deposition stage for these samples was
significantly before the crystallisation stage (> 6 months). The effect of such a delay
between deposition and crystallisation is unknown, however such an investigation may
offer a greater understanding of the connections between amorphous and polycrystalline
material quality. Additionally, Healy et al. partly attribute their large crystal grains
and associated low losses to the confinement offered by the fiber geometry. To study
this in the planar systems examined in this work, the low-temperature deposition of
a silica layer on top of the a-Si wires before crystallisation would simulate the fiber
confinement, however the laser crystallisation process will need alteration for optimum

waveguide performance.
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5.6.2.2 Sample Set 23

To help verify the previously observed low transmission losses in the polysilicon waveg-
uides, a second set of waveguides was fabricated with an etched width of 3pm. These
were then crystallised at 0.1 mm s~ with Psampie = 285 mW. The waveguides were then

studied using Raman spectroscopy and by taking optical transmission measurements.

Cutback transmission measurements at A = 1550 nm indicated the lowest reported losses
in polysilicon, with transmission below 4dBcm ™" in five waveguides. Although this was
only observed in a small number of waveguides (full results in Appendix A) due to
the manufacturing sensitivities previously discussed, these results show that polysili-
con manufactured by laser crystallisation of amorphous silicon can exhibit transmission
approaching values associated with single-crystal silicon waveguides. Figure 5.22 and
Table 5.3 show the results from the low-loss waveguides, confirming initial observations
discussed in Section 5.6.2.1.
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FIGURE 5.22: Linear losses observed in 3 pm waveguides processed at 0.1 mms~! with
incident power 285 mW.

Waveguide ID Propagation Loss Coupling Loss

(dBem™1) (dB)
23.1.CA4 2.67+0.36 31.23
23.2.B.6 2.93 +0.61 36.56
23.2.E.7 2.41 £0.63 32.59
23.2.E.8 2.79+0.63 33.13
23.2.E.9 3.32+0.63 33.91

TABLE 5.3: Transmission and coupling losses in waveguides with aqg < 5dBem—!.

For all waveguides, the width was 3 pm, incident power was 285 mW and scanning speed

was 0.1 mms—1.

As increased crystal grain size correlates with a decreased material fraction of amorphous

silicon, there should in turn be a connection between the grain size and both the linear
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loss and the Raman FWHM recorded for a polysilicon waveguide. Increased amorphous
content results in a higher density of dangling bonds and defect sites at which light can
be scattered or absorbed, and the greater variation in Si-Si bond length will broaden the
Lorentzian material response. By extension, a correlation is expected between the linear
loss and the Raman peak shape, albeit with some inherent uncertainty as discussed above
due to the large crystal grains. To investigate this, Raman spectroscopy measurements
were carried out on waveguides from groups 23.2.C and 23.2.E, the linear losses of which
are listed in Appendix A and ranged from 2.4dBcm™! to 13.7dBcm™!. These were
compared to the Raman Lorentzian FWHM, which was calculated using the method
described in Section 5.4.2. The results where a FWHM below 3.15cm™! was found are

shown in Figure 5.23.
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FI1GURE 5.23: Linear loss and Raman FWHM in polysilicon waveguides of width 3 pm
1

crystallised with Pggmpie = 285 mW and v = 0.1mms™".
No direct pattern was observed, contradicting expectations. Low FWHM were ob-
served in low and high loss waveguides, indicating that a single Raman measurement
cannot be relied upon to give an accurate picture of a waveguides performance. Multi-
ple spectra were captured on two waveguides, with losses of (9.87 £ 0.66) dBcm ™! and
(13.74 4 0.66) dBcm ™!, to compare the variation in the FWHM of these to that calcu-
lated in a low-loss waveguide previously. An average deviation of ~5% from the mean
of 3.19 cm ™! was seen in the FWHM. This is higher than the previously calculated 4.1%
variation in a waveguide of loss ~4dBcm ™!, suggesting that crystal grain boundaries
occur with greater frequency, increasing the proportion of spectra that are taken on
grain ends. Therefore, the Raman FWHM may be significantly different on the same
waveguide depending on whether the investigated region is at the end of or the mid-
dle of a crystal grain. This increased presence of grain boundaries will also increase
scattering and absorption, corresponding to the higher measured linear loss in these
waveguides. However, the variation present in Raman results ultimately mean that the
only conclusive indication of a waveguide’s suitability for photonic applications is its

linear loss.
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5.7 Conclusions

By carrying out localised continuous-wave laser annealing of low-temperature deposited
amorphous silicon, the fabrication of high-quality back-end-of-line CMOS compatible
polysilicon waveguides has been achieved. Large-grain polysilicon has been observed
from material characterisation by Raman spectroscopy and X-ray diffraction crystallog-
raphy. The lowest FWHM of the polysilicon Raman peak was 2.72cm ™!, compared to
the monocrystalline reference value of 2.7 cm™!, indicating nearly fully crystalline mate-
rial. XRD measurements showed crystals with lengths of up to 1.6 mm, consistent with
previous measurements of waveguides fabricated by the same process [35]. Transmis-
sion loss measurements at A = 1.55 1m demonstrated losses of (2.41 4-0.63) dBcem™! in
a 3um wide waveguide crystallised with a scanning speed of 0.1 mms~! and incident
power 285mW. Furthermore, losses below 4dBcm ™! were measured using the same
parameters in a further five waveguides, demonstrating the repeatability of this man-
ufacturing process. These are the lowest transmission losses in comparable polysilicon
waveguides, and approach the < 2dBcm™! observed in monocrystalline silicon. Other
waveguides were fabricated by the same technique using different dimensions and pro-
cessing parameters, with the resulting losses summarised in Table 5.4. In comparison
to the observed losses below 4dBcm™!, the lowest loss reported in waveguides of com-
parable dimensions fabricated by oven annealing was ~5dBcm™! in high-temperature
oven-annealed polysilicon [42], and the previous lowest reported loss in low-temperature
laser-crystallised polysilicon was 5.31 dBcm™! [35]. The reduction in losses by this tech-
nique are attributed to increased laser stability, larger waveguide dimensions and im-
proved uniformity of material quality. Further optimisation of the crystallisation process

is anticipated to reduce the polysilicon losses to around 1dBcm™!.

Waveguide Width Laser Power Scanning Speed Loss

(pm) (mW) (mms~1) (dBem™t)
2 358 1 9.2
3 285 0.1 24
4 258 0.1 10
4 358 1 10.5

TABLE 5.4: Lowest measured losses in waveguides fabricated by direct CW laser an-
nealing across a range of waveguide and laser processing parameters.






Chapter 6

Nonlinear Optics in Polysilicon

Waveguides

With significant recent advances in reducing the optical loss of polysilicon and the devel-
opment of BEOL-CMOS-compatible manufacturing techniques, the logical continuation
is to examine the suitability of these waveguides for nonlinear optical processing to ex-
pand their potential range of applications. Following the measurement of record low
losses in polysilicon, as reported in Chapter 5, this chapter will detail the work under-
taken to demonstrate and characterise third-order nonlinear propagation in polysilicon

waveguides, in addition to presenting the necessary theoretical background.

6.1 Introduction

Silicon as a material is well-suited to nonlinear photonics. Its high linear refractive
index compared to standard cladding materials enables excellent confinement of light
in waveguides with a small cross-section, easing access to the high optical intensities
required for nonlinear propagation [125], [126]. When combined with the high nonlinear

refractive index, the suitability of silicon for nonlinear applications is clear.

The applications of nonlinear photonics in silicon are broad ranging in scope and impact.
A multitude of effects have been demonstrated in recent years in both fiber and on-
chip geometries, including signal processing [59], [127]-[131], sensing for chemical and
biological applications [132]-[134], lasing and light amplification [11], [57], [135]-[137],

and supercontinuum generation [62], [138]-[141].

As thorough as these investigations have been into the use of ¢-Si platforms for nonlin-
ear photonics, the high linear losses have thus far prevented such work in polysilicon-

based planar waveguides. As previously discussed in Section 5.1, the development of

95
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CMOS-compatible polysilicon as a low-loss optical material would enable a wide ar-
ray of improvements to existing optoelectronic systems due to its enhanced deposition
flexibility.

The low polysilicon losses reported in the preceding chapter are, however, low enough
that the observation of nonlinear effects was anticipated. This chapter will detail the
relevant background theory, experimental work and results of third-order nonlinear mea-

surements on polysilicon waveguides.

6.2 Theory of Nonlinear Optics

Nonlinear optical processes result from the changes to the material polarisation in the
presence of a high-intensity electric field. Two effects are of interest to this thesis, the
third-order nonlinear processes of two-photon absorption (TPA) and self-phase modula-
tion (SPM). This section will discuss the theory behind these effects and their effect on
an optical pulse, and introduce a nonlinear figure of merit that is used to compare the

nonlinear properties of a material.

In the low-intensity regime, Equation 6.1 expresses the linear relation between the po-

larisation Pg of a material and an applied external electric field E:

PO = €0X(1)E, (61)

where g9 = 8.854 x 1072 Fm™~! is the vacuum permittivity and x() is the first order
electric susceptibility of the medium. The susceptibility is a complex term and is related

2. The real part relates to the real

to the complex refractive index by Y +1 = n
refractive index, while the imaginary part is associated with the attenuation coefficient,

by the relations

n(w) =1+ %Re (>~<<1>(w)) (6.2a)
alw) = niCIm (;z“)(w)) , (6.2b)

where Y1 (w) is the Fourier transform of x((t).

At higher electric field intensities, the linear relationship is no longer accurate, and the

full expression

P = Py + 6Prc + Pnr, (6.3)
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must be used [142]. The complete expression for polarisation P is the summation of Py,

the free carrier contribution dPgc and the nonlinear polarisation

Pai = co | XPE? + xOES 4. (6.4)

x9) is the j™ order susceptibility, a tensor of rank j+1. The magnitude of y() decreases
as j increases, so progressively higher intensities are required to access higher order
nonlinear effects. Furthermore, X(Q) is suppressed due to symmetry in centrosymimetric
structures such as silicon. Thercfore, only the x*) term is of interest in this thesis.
Expansion of the x® term from Equation 6.4 results in a series of terms which can be
grouped by the effects that they cause. These effects are SPM, cross-phase modulation
(XPM), third-harmonic generation (THG) and four-wave mixing (FWM). The term
giving rise to SPM also results in TPA. XPM, THG and FWM are not considered in
this work, as they either require multiple pump wavelengths or phase matching to be

efficient at the intensities used in this work.

The effects of TPA and SPM can be introduced via modification to the complex refractive

index as

A
n =ng+ ngl — ZE (ao + BTPAI) (6.5)

where I is the pulse intensity, ng is the linear refractive index, and A is the pulse
wavelength. SPM is associated with the nonlinear Kerr coefficient ns, while TPA is
connected to the TPA coefficient Stpa. These are related to the real and imaginary

parts of the third-order susceptibility by

1 3
N9 cn%€04Re (X ) (6.6a)
w 3
= = y3)
Brea 2, 21111 <X ) (6.6b)

where c is the speed of light, ng is the linear refractive index, and w is the frequency of

the electromagnetic wave which is inducing the nonlinearity.

6.2.1 Two-Photon Absorption

The simultaneous absorption of two photons can excite an electron across the bandgap
from the valence to the conduction band, as shown in Figure 6.1. Where these photons

have the same wavelength, this is referred to as degenerate TPA.
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FIGURE 6.1: Energy level diagram for degenerate two photon absorption, in which two
photons of equal energy are absorbed to excite an electron across the bandgap, making
it available for further excitation by free-carrier absorption.

Once in the conduction band, the absorption of further photons can cause additional
excitation, in a process known as free-carrier absorption (FCA). The total change in

intensity from these processes is given by

dI(z,t)
dz

= —Brpal®(z,t) — orcaN(z,t)1(z, 1) (6.7)

where I(z,t) = |A(z,t)|?/Aeq is the intensity of a pulse A(z,t) over the effective mode
area Aeg, orca is the FCA coefficient, and the free-carrier density N(z,t) is found by

solving the rate equation

ON(z,t) _ 5TPAIQ(Z £ — N(zt) (6.8)

ot 2hv T

Here, hv is the photon energy and 7 is the free-carrier lifetime. In Equation 6.7, the first
term is loss from TPA, while the second is loss from FCA. The first term in Equation 6.8
represents the excitation of electrons by TPA into the conduction band, increasing the
population available for FCA. The second term is the relaxation of those excited carriers
back to the valence band. The net effect of TPA and FCA is an intensity-dependent
reduction in the optical intensity of a transmitted signal. Higher intensities cause greater
absorption, due to both the increased rate of excitation across the bandgap due to TPA
and the consequent increased availability of conduction-band free carriers which can
absorb through FCA.

6.2.2 Self-Phase Modulation

The phenomenon of SPM arises from the change to the refractive index at high in-
tensities caused by the nonlinear Kerr coefficient. This nonlinear contribution results

in a phase shift, generating new frequency components as a pulse propagates. These
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new components then generate an additional phase shift, and the pulse broadens as it
propagates. To calculate the resulting spectral broadening, the nonlinear Schrédinger
equation (NLSE) must be solved [62].

0A(z,1) Bo O?A(z,t) 9 1
—_— = gt A A - = A .
o = i ST A OPAG ) — S0+ AR (69)
where f35 is the group velocity dispersion parameter, « is the linear loss, o is the net free

carrier contribution [143], and the nonlinear parameter « is given by

_ hkong ZﬂTPA
Aeﬁ Aeﬁ

(6.10)

where kg is the wavenumber of the pulse.

The first term in the NLSE governs the dispersion of an optical pulse, as described
in Section 2.4.3, the second applies the nonlinear effects of SPM and TPA, and the
third covers the reduced pulse intensity from linear loss and free-carrier absorption.
The defining characteristic of SPM is the nonlinear Kerr coefficient ny. To simulate
the broadening of a pulse as it travels through a waveguide, the nonlinear Schréodinger
equation is solved using the split-step Fourier transform method described by Agrawal
[144]. For this work, a Matlab code was used in which the value of ny was varied to
obtain an accurate fit to the experimental data. Equation 6.9 can be broken down into

three terms, the dispersion (D), nonlinear (N) and loss (L) components, such that

0A(z,t)  ~ o -
T_D+N+L, (6.11)
where
A _@8214(,2,15)
D=—i 5 o2 (6.12a)
N = iy|A(z,t)2A(z, ) (6.12b)
L= —%(0 + a)A(z,t) (6.12c)

To calculate the pulse evolution, the length of the waveguide is broken down into short
sections. In each section, the three terms of the NLSE are applied to the pulse. The
dispersion and nonlinear terms act to alter the pulse profile, and the loss term reduces
the intensity. The modified pulse is then used as the input for the calculations for the

following length section of the waveguide. The value of ny is iteratively modified in the
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code to obtain a close fit to the observed experimental spectral broadening for all input

powers.

6.2.3 Nonlinear Figure of Merit

SPM results in the spectral broadening of an optical pulse, and is desirable due to the
resulting applications in supercontinuum generation and signal processing steps such as
signal regeneration [145] or wavelength conversion [146]. In contrast, TPA decreases the
signal intensity, which most commonly degrades the performance of a nonlinear device.
It is, however, sometimes useful for applications such as all-optical modulation [147]. To
provide a measure for the overall quality of a material for nonlinear applications, the

nonlinear figure of merit is defined as

1
FOMx, = 6:;.

(6.13)

In crystalline silicon at standard telecommunications wavelengths, the figure of merit
has been measured between 0.32 and 0.86 [148]-[150]. These values provide a target
range against which nonlinear measurements in this thesis will be compared. Higher
values of the FOMyy, are indicative of better nonlinear performance, as the limitations

resulting from TPA will be lower relative to the broadening from SPM.

6.3 Experimental Process

Nonlinear characterisation was carried out using a similar setup to that used for the
linear loss measurements, however the CW laser was replaced with a pulsed source to

obtain the necessary high intensities required to observe nonlinear propagation.

Pulsed laser e
A =1540 nm Power Power
ccD detector Sample detector ccD
" x60 x40
Alignment Beam Isolation
aperture  splitter aperture

FIGURE 6.2: Setup for nonlinear characterisation of waveguides. 1540 nm pulsed light

is coupled into waveguides. Two-photon absorption measurements use powermeters

before and after the waveguides, while the output is directed into an optical spectrum
analyser to observe self-phase modulation.
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The laser source used was a Onefive ORIGAMI pulsed laser, emitting at 1540 nm. This is
close enough to the wavelength used for linear loss measurements that the measurements
remain valid. The pulses have a hyperbolic secant profile, with a temporal FWHM of
750fs and a repetition rate of 40 MHz. This pulse repetition rate allows free carrier
accumulation to be ignored in calculations, as the material relaxation time (7. ~ 1ns) is
significantly faster than the pulse interval (25ns). The nonlinear transmission setup is
shown in Figure 6.2. As before, CCD cameras before and after the coupling objectives
were used for beam focusing and coupling, and power detectors before the input objective
and after the output isolation aperture were used to measure input and output powers.
The most significant change is the option to couple the output light into an optical
spectrum analyser (OSA). This enabled the recording of the spectral composition of the

pulses after transmission.

6.3.1 Nonlinear Loss Measurements and Simulations

As described in Section 6.2.1, the influence of Srpa on pulse transmission is depen-
dent on the pulse intensity. Therefore, an estimation of Srps can be obtained from
measurements of the output power of a waveguide at a range of input powers. As the
transmitted intensity increases, the absorption from TPA and FCA will also increase ac-
cording to Equation 6.7. Measurement of the TPA characteristics was carried out using
the setup shown in Figure 6.2. The powermeters were used to record the average input
(Pin,av) and output (Pout,av) power. The input power was varied using an attenuator,
with P 5y ranging from ~0.1mW to ~65mW. As the transmitted intensity increases,
the loss from TPA and FCA increases, producing a characteristic curve which is ap-
proximately linear at low powers and nonlinear at high powers. These measurements
can then be compared with the curve obtained from simulations of the pulse intensity
along the waveguide length. For short waveguide lengths, the dispersion can be ignored,
producing a simplified NLSE which only describes the temporal evolution of the pulse
intensity. This takes the same form as Equation 6.7, plus a term for the linear loss,

giving Equation 6.14. Ignoring spectral broadening, the equation

dI(z,t)

ds = —()zI(Z, t) - ﬂTPAfz(Z, t) — O’FCANC(Z, t)I(z, t) (6.14)

can be solved along the waveguide length using the split-step Fourier method [52]. As
stated before, N, is calculated using Equation 6.8. The simulations of the intensity
change were carried out using a script developed within the Nonlinear Semiconductor

Photonics group.

Within the script, the peak power coupled into the waveguide is calculated from the
measured input average power, the pulse FWHM and repetition rate, and the estimated

insertion loss. The pulse intensity is then calculated using an effective mode area, in
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this case Aeg = 0.6 pm? based on finite element method mode field calculations by Dr

Joseph Campling.

The total waveguide length is then broken down into discrete sections. For the initial
section, the input intensity and a user-set value of Srpa are input and used to calculate
the free-carrier density, using Equation 6.8, which is in turn used to calculate the free-
carrier loss contribution using the ¢-Si FCA coefficient opca = 1.45 x 1072 m? [151].
The total loss for this section of the waveguide length is then calculated according to
Equation 6.14. The loss is used to calculate the reduced outgoing intensity from this
section. This process is repeated for each section along the full waveguide length, taking
the output intensity from each previous section, and the original value of Srpa, as the
inputs for each following section. This is carried out for a range of input powers up
to a selected maximum, and compared to experimental data. The low-power fitting is

predominantly dependent on the linear loss, while the high-power fitting is dependent

on STpA-

6.3.2 Spectral Broadening Measurements and Simulations

SPM is a precursor to more dramatic effects such as supercontinuum generation, which
has uses in a wide range of fields across spectroscopy, telecommunications, and beyond.
SPM results from the intensity-dependent change in refractive index which occurs as a
result of the high-intensity nonlinear response, as detailed in Section 6.2. The alteration
to the refractive index induces a frequency-dependent phase shift, broadening the pulse
envelope in the frequency domain, while normal dispersion results in broadening in the
temporal domain. The observation of spectral broadening due to SPM is an important
step towards demonstrating the potential of the manufacturing process detailed in Chap-
ter 5 for more significant applications. Spectral broadening measurements were carried
out by coupling the waveguide output light into an optical spectrum analyser (OSA)

and using a range of input powers to study the evolution of the broader spectrum.

The spectra from the OSA were then compared to simulations which used the split-step
Fourier method to solve the full NLSE as described in Section 6.2.2. The calculated
Brpa from nonlinear absorption measurements, the linear loss « and an estimation of
ne were used to calculate the evolution of the pulse along the waveguide length. The
simulated output pulse shape was compared to that from the experimental data, and
ng was refined to produce the closest fit to the data. The dispersion was obtained from
simulations of the effective area and index, with S having a value of 0.67 ps?m™! in

these simulations.
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6.4 Results and Discussion

Nonlinear measurements were carried out on two waveguides. Waveguide 21.1.E.5 ex-
hibited linear losses of (3.98 & 0.73) dB cm ™!, while waveguide 23.2.E.7 showed the low-
est losses ever reported in comparable polysilicon waveguides of (2.41 + 0.63) dB cm™*.
Therefore, these were selected for further study. The nonlinear measurements were

carried out at waveguide lengths of 1.537 cm and 1.229 cm respectively.

6.4.1 Waveguide 21.1.E.5

The nonlinear absorption resulting from two-photon absorption in waveguide 21.1.E.5,
which had a linear loss of (3.98 + 0.73) dB cm ™!, was measured by modulating the aver-
age input power between 0.1 mW and 63mW. A simulated absorption across the same
range was calculated, taking into account the coupling loss at the input facet. The cou-
pling loss was calculated by subtracting the measured waveguide and objective losses
from the total transmission loss at a given length. The coupling loss from the input and
output facets was assumed to be equal, giving a single-facet loss of 14 dB. As previously
discussed, this assumption is not ideal, due to the difference in magnification and nu-
merical aperture of the focusing objectives. It also does not account for reflections at
the input and output facets, or the mismatch between the area of the guided mode and
the focused spot size of the input lens. Although both of these can be calculated, the
angled facets that sometimes result from cleaving will make these inaccurate. A future
goal would therefore be, as mentioned earlier, the improvement of the facet prepara-
tion technique, which would also allow more accurate determination of coupling loss
and nonlinear simulations. However, based on FEM simulations of the input optical
coupling carried out by Dr Ozan Aktas, the assumption of 14 dB is not unreasonable.
An input coupling loss of 7dB was calculated in a simplified system neglecting Fresnel
reflection and assuming coupling to the fundamental mode only and a perfectly smooth

facet. Therefore, the true input coupling losses will be closer to the assumed 14 dB.

Using the simulations described in Section 6.3, and by prioritising fitting at the up-
per and lower bounds (corresponding to the linear and nonlinear regimes), a value of
Brpa = 10 x 10712 m W~ was obtained by iteratively adjusting the values of o and
Brpa used to simulate the curve. The linear loss was constrained to a narrow range
around the value obtained from cutback loss measurements, while the value of Srpa
was changed as needed. The data and fitted simulation are shown in Figure 6.3. An
excellent fit to the linear regime is seen, confirming that the estimated linear loss from
cutback measurements is accurate, and good agreement is also seen for data points in
the nonlinear regime where the peak input power is over 30 W. The deviation from
the fitted curve persisted across multiple measurements of the same waveguide, however

the source was not identified. The equipment used to take the measurements was not
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changed during the experiment, and the deviation was not seen in other measurements.
It is therefore assumed that it resulted from some unknown source connected to the

waveguide itself, but further investigation was not possible due to time constraints.
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FIGURE 6.3: Nonlinear absorption in Waveguide 21.1.E.5 at length 1.537cm. Close

fitting is achieved at high and low powers with @ = 4dBcm™! and Brps =
10 x 10712m W', The origin of the deviation between 5 and 25 W has not been
identified.

To measure self-phase modulation, the waveguide output was directed into an optical
spectrum analyser. The average input powers (as measured before the input objective)
were in the range of 10mW to 55mW, which correspond to calculated coupled peak
powers (i.e., with measured losses from the focusing objective and calculated losses from
the waveguide facet subtracted) of 13W to 72W. The experimental data and fitted
curves for the spectral measurements of the nonlinear propagation in waveguide 21.1.E.5
are shown in Figure 6.4. The simulations showed best fit with ny = 4.5 x 10718 m2 W1,
At peak powers above 60 W, the spectral evolution shows a characteristic dip in the
intensity at the central pulse wavelength, which is a clear indicator that SPM is the
driving factor behind the broadening of the pulse. The pulse peak is most affected
by the phase-shift due to the intensity dependence of SPM, and therefore reduces in

intensity while the surrounding frequency components increase.

To determine the nonlinear quality of the polysilicon material, the nonlinear coefficients
were compared to those of crystalline silicon. The nonlinear absorption was high, with
Brpa = 10 x 1072 m W' being higher than the values measured in c-Si, which have
been reported between 4 x 1072m W~! and 9 x 107> m W', The high nonlinear ab-
sorption is attributed, at least in part, to the reduction of the bandgap which results

from residual strain during laser annealing, and to the amorphous material between the
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FIGURE 6.4: Simulation fit (black dashed line) to spectra showing pulse broadening
in waveguide 21.1.E.5 at length 1.537 cm, and input peak powers a) 13 W, b) 32 W, ¢)
63 W and d) 69 W.

crystalline grains. By lowering the bandgap, the probability of TPA increases, and amor-
phous material introduces defect states in the bandgap which increase both the linear
and nonlinear absorption. Although the strain has not been calculated, the peak shift
from Raman measurements indicates that the strain is present, as discussed in Chap-
ter 5. The high STpa is undesirable, as its effects are more significant at higher intensities
where other nonlinear effects become significant, and acts to suppress these effects by
reducing the total power in the waveguide. Therefore, improvement of the material qual-
ity to reduce Srpa is an important avenue for future development of laser-crystallised
polysilicon. The magnitude of the spectral broadening by SPM is governed by the non-
linear Kerr coefficient ny. Typical c-Si values lie in the range 4.3 x 107®¥m? W1 to
6 x 107®¥m2 W~ so the measured ng = 4.5 x 107¥ m? W~ is within the crystalline
range, albeit at the lower end. This supports previous measurements indicative of high

material quality. The nonlinear FOM for this waveguide is 0.29, below the reported
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values for ¢-Si (see Section 6.2.3), a consequence of the high Srpa and low na.

6.4.2 Waveguide 23.2.E.7

After the demonstration of nonlinear effects in Waveguide 21.1.E.5, additional samples
were fabricated as discussed in Section 5.6.2.2. As it showed the lowest transmission
losses of (2.4140.63)dBem™!, waveguide 23.2.E.7 was chosen for further nonlinear
characterisation. The values of Stpa and no were calculated from simulation fitting to
experimental data as described in Section 6.3. Fitting to the nonlinear absorption curve
(shown in Figure 6.5) gave a calculated Srpy = 7 X 10~2m W~!. However, in order
to fit to the linear region of this data set, it was necessary to increase a to 3dBcm™!
during the iterative fitting process. Figure 6.5b shows the difference in fitting between
2.41dBem~" and 3dBcecm™!. The higher loss is closer to the experimental data. This
assumed increase is not unreasonable, as there are significant uncertainties in the losses
estimated via cutback due to the assumptions made about input and output coupling,

and due to the cleaving process used in this work as has been previously discussed.
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FIGURE 6.5: a) Nonlinear absorption in waveguide 23.2.E.7 at length 1.229 cm. Itera-
tive fitting results indicate o = 3dBcem™! and frpa = 7 x 10712m WL, b) Difference
in linear regime fit for « = 2.41dBem™" and 3dBcm™!
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SPM fitting to input peak powers from 35 W to 72 W using these parameters, shown in
Figure 6.6, gave a value of ng = 3.5 x 10718 m? W1, An additional peak is visible in the
higher power data at A = 1520 nm, attributed to multimode interactions [152]. Com-
parison of these to crystalline references shows a high Stpa and low ne, likely a result of
various factors, including the amorphous content of the polysilicon, the dependence of
) on the crystal grain orientation, and residual material stress from the crystallisation
process. These would be expected to result in suppressed nonlinear effects such as spec-
tral broadening, and so the pulse width of >40nm at maximum peak power with these
coefficients suggests that improved material quality would result in significantly greater
spectral broadening. The FOM with these values is 0.32, higher than was calculated for
waveguide 21.1.E.5 but below the reported values in ¢-Si. This reduced value is caused
by the low ny and high Srpa, as the phase shift is reduced and the nonlinear absorption

is more significant than in previously measured waveguides.
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FIGURE 6.6: Simulation fit (black dashed line) to spectral broadening through waveg-

uide 23.2.E.7 with length 1.229 cm, at peak input powers a) 34 W, b) 46 W, ¢) 60 W

and 72 W. The additional peak around 1520 nm which occurs in ¢) and d) results from
multimode interactions, which are not accounted for in the simulation.
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6.5 Conclusions

The observation of low optical losses in polysilicon waveguides has made characteri-
sation of the third order nonlinear effects TPA and SPM possible in laser crystallised
polysilicon waveguides with widths of 3 pm. Such measurements are the first of their
kind in polysilicon planar waveguides, marking a significant advancement in the state
of the art. Values of Orpa and ny have been obtained in two waveguides, with Srpa
between 7 x 1072 m W1 and 10 x 1072 m W1, and ns between 3.5 x 10718 m2 W~!
and 4.5 x 107 m? W~!, These ranges lie around the upper and lower extents of the
recorded values for crystalline silicon waveguides, giving values of the FOMyy, of 0.29
and 0.32.

Further improvement of these values may be possible by increasing the crystalline frac-
tion of the waveguide material to reduce the linear and nonlinear absorption at grain
boundaries. As the third order susceptibility x®) is a tensor, it is sensitive to the crystal
orientation relative to the propagating wave, and so dislocations in the crystal structure
and the subsequent change in orientation may also negatively impact the nonlinear prop-
agation. Therefore, a study of this relation may demonstrate the necessity of ensuring
a consistent crystal orientation along the waveguide. Preferential crystallisation such as
this has been achieved in polysilicon by various methods [22], [24], [97], [98], [153], so
adaptation of these may be possible. Reduction of the waveguide width to 1pm, and

losses to 1dBem™!

, would be expected to enable guiding of light signals with greater
intensity and lower loss, allowing the demonstration of improved nonlinear effects. This
would allow the use of polysilicon waveguides in a wide range of integrated nonlinear

optical applications.

To give an indication of the potential of polysilicon for nonlinear applications, simu-
lations of the spectral broadening have been carried out with these target values for
loss and waveguide dimensions. Figure 6.7a compares the simulated spectrum from Fig-
ure 6.6d to that calculated for a small-area low-loss waveguide. Keeping no and Srpa
the same, but reducing linear loss to 1dBcm™" and the effective area from 0.6 m? to
0.2 um? produces a slightly broader spectrum, with evidence of enhanced phase shift
from the emerging third SPM peak at the centre of the pulse. To simulate the use of
such waveguides in an integrated system, the simulated coupling loss was then reduced
from 14dB to 7dB, producing the spectrum shown in Figure 6.7b. The high coupling
loss in the experimental work reported in this thesis is largely attributed to the cleaved
facets, which would be avoided in an integrated system. The broad spectrum simulated
here shows that with some development to reduce losses, laser-crystallised polysilicon
waveguides would be suitable for a broad range of nonlinear signal processing applica-

tions.
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Chapter 7

Silicon-Germanium Graded Index

Waveguides

Silicon-germanium alloys have been extensively used in the fabrication of photonic com-
ponents. Its composition can be tuned for applications such as photodetection and
nonlinear optics, for which it offers superior capabilities in comparison to silicon. This
chapter looks to extend previous investigations into SiGe for optoelectronics, by using

local laser-induced compositional segregation to fine-tune the material properties.

First, the material properties and existing applications of silicon-germanium are out-
lined. Then the laser-writing process and material analysis of the polycrystalline writ-
ten structures are described. A detailed discussion of the Raman spectroscopy data
analysis is provided so that the results obtained in this manner can be compared to sim-
ulations and measurements by other methods. Raman spectroscopy is a nondestructive
contact-free analysis method, so determining its accuracy compared to other methods is
important for future investigations in this area. Finally, the electrical characterisation
work is presented to demonstrate a practical application of the localised germanium

content tuning.

7.1 Silicon-Germanium in Optics

Silicon photonics is a mature field, as discussed in Section 1.1, as it can make use of the
favourable properties of Si such as high transmission at telecommunications wavelengths,
and the existing manufacturing infrastructure available due to the use of silicon in the
electronics industry. However, for some applications the properties of silicon are less
ideal. Most notably, the silicon transmission window ends at A & 7pm, ruling out its

use for a large portion of the mid-IR spectrum, which extends from 2 um to 20 pm.

111
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To access a greater proportion of the mid-IR spectral region, germanium components
have been used as this material transmits to wavelengths up to A = 14 pm [154]. Addi-
tionally, the high linear refractive index of Ge offers tighter optical confinement, and the
high Kerr cocfficient enables cfficient nonlinear photonics [89]. Furthermore, the narrow
indirect bandgap of 0.67eV can be changed to a direct bandgap with strain engineering,
offering improved suitability for light generation and lasing [155]-[157].

Silicon-germanium is a binary alloy that combines the benefits of both materials. The
composition is typically denoted Si;_,Ge,, where x is the germanium fraction, and this
material has long been used in microelectronics processing as it offers advantages over
conventional doped silicon thanks to the improved electronic properties which result
from strain and bandgap engineering [158]. Further applications in electronics, pho-
tonics and optoelectronics have also made use of the modified bandgap, improving the
detection range in photodetectors [12], reducing the energy consumption in electro-optic
modulators [81], and enhancing solar cell responses [82]. Furthermore, the enhanced
transmission in the mid-IR and increased nonlinear refractive index of SiGe has been

used in nonlinear optics [55], [56].

However, as the alloy properties depend on the Ge content, this must be optimised for
each application. For example, photodetection at A = 1550 nm has been demonstrated
in low-Ge materials (x = 0.2) [12], while solar cells manufactured with 2 = 0.56 rely on
the higher Ge content to reduce the bandgap, improving absorption [82]. For on-chip
nonlinear applications, graded waveguides with high-Ge regions (0.5 < = < 1) have been
demonstrated, making use of the large nonlinear refractive index of Ge in the mid-IR
[56]. For integrated chip applications, components using different Ge concentrations may
be desirable, such as detectors operating in different wavelength ranges. Additionally,
grating structures can be fabricated with small-scale variations in the refractive index by
changing the Ge fraction. In the conventional manufacture processes such as HWCVD
or low-pressure CVD (LPCVD), the composition of a deposited layer is constant across
that layer, meaning that multiple deposition and lithography steps would be necessary to
create an optoelectronic layer containing components with different Ge fractions, making

this an expensive and time-consuming process.

7.2 Compositional Segregation by Laser Annealing

Compositional segregation, in which an evenly-mixed alloy is separated into regions with
a high concentration of one alloy component, has been observed in SiGe under direct
laser heating [159]-[163]. Weizman et al. observed that under pulsed laser annealing,
lateral segregation changed the Ge fraction by up to 40% [160]. Ong et al. demonstrated
the formation of a vertical graded-index SiGe waveguide during liquid-phase regrowth,

indicating that heat transfer into the substrate promoted the formation of high-Si regions
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[161]. Finally, CW laser processing has been used for the creation of microstructures
in both fiber and on-chip geometries, demonstrated by Coucheron et al. and Runge et
al. respectively [162], [163]. These structural changes are shown in Figure 7.1. Careful
velocity control enabled the manufacture of Ge-rich grating structures (Figure 7.1a), and
long exposure with a stationary beam was used to demonstrate the creation of micron-
scale structures with high Ge content (Figure 7.1b). However, the dynamics, capabilities

and controllability of the CW annealing process have not been comprehensively explored.

The change in local composition that results from laser scanning speed, as noted by
Coucheron et al., leads naturally to the question of whether using different but con-
stant scan speeds during laser annealing of planar SiGe films will influence the resulting

distribution.

200 pm  —

FIGURE 7.1: Laser-written periodic structures in a) SiGe-core fiber by periodic block-
ing of the incident laser beam [162], and b) planar SiGe structures written by 10s
stationary-beam exposure [163].

7.2.1 Fabrication

To investigate the applications of this, a 400 nm amorphous Siy 4Geg g film was deposited
by plasma-enhanced CVD (PECVD), as shown in Figure 7.2a. To ensure the compat-
ibility of the system under study with conventional microelectronics, crystalline silicon
was chosen as a substrate material. The silicon wafer was stripped of the native oxide
by a 3 minute etch in 7:1 buffered HF. After cleaning, the substrate was placed in a
PECVD chamber and pre-heated to the deposition temperature to ensure an even de-
position rate. Film deposition was carried out with the parameters listed in Table 7.1.

The precursor gases were silane (SiH,) and germane (GeHy).

SiH4 Flow 5 scem
GeHy Flow 50 sccm
Chamber pressure 300 mTorr
RF power 15mW
Temperature 200°C

TABLE 7.1: Pressure-enhanced CVD conditions for amorphous Sig 4Geg ¢ deposition.

To induce a post-deposition compositional segregation in the SiGe film, a molten zone
must be created to allow the redistribution of constituent atoms. In this study, a 488 nm

laser was used to provide the energy to induce melting. The wavelength was chosen to
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a) b)

SiyGe,
Si Il Ge

FIGURE 7.2: Fabrication of compositionally-graded stripes by direct laser writing. a)

Amorphous Siy 4Geg ¢ is deposited by PECVD on a ¢-Si substrate, with a film thickness

of 400 nm. b) Direct laser heating induces compositional segregation in the molten zone.
The molten zone is moved across the sample at a speed v.

avoid the transfer of heat to the c¢-Si substrate. In pure Si, the penetration depth of
488 nm light is 485 nm and in pure Ge is 16 nm. Therefore, the starting Ge concentration

will minimise direct heat transfer to the substrate.

The molten zone at the laser focus was scanned along the material surface, by moving the
high-precision x/y stages according to a G-code control program as shown in Figure 7.2b.
On cooling, nucleation sites form and trigger crystal growth. In planar films under
continuous-wave laser annealing, these typically originate at the boundaries of the heated
volume, as discussed in Section 2.2.2.2. The resulting polycrystalline SiGe has superior

optical and electrical properties compared to the original amorphous material.

Polycrystalline stripes of length 1 cm were written in the amorphous film using the crys-
tallisation setup described in Section 3.1.3, with the 488 nm Ar* laser as the heat source
for melting. Initially, a 10x objective (0.25 NA), giving a focused spot diameter of 7pum,

was used to write stripes with scanning speeds of 1mms™! & 10mms~!.

Microscope
investigation showed clear compositional differences, visible due to the colour difference
between Si-rich and Ge-rich material. For a more comprehensive study, a 20x (0.4 NA)
objective was used to give a spot diameter of 3pm at focus, with which stripes were
written at speeds of 0.1, 1, 5, 10, 15, 20, 25, 50 & 100mms~!, with incident power
250 mW. High power is desired to melt the full depth of the SiGe film, however higher

intensities resulted in ablation.

7.2.2 Material Investigations

Preliminary analysis of the composition of each stripe was carried out by optical mi-
croscopy. The natural colour of Si-rich material has a blue hue, while Ge-rich areas
are more yellow-coloured. The optical microscope image shown in Figure 7.3a reveals
a change from a Si-rich core at low scanning speeds to a Ge-rich core at high speeds.

Additionally, at the lowest and highest speeds, a border can be seen, showing Ge-rich



Chapter 7 Silicon-Germanium Graded Index Waveguides 115

material at the boundary of the 0.1 mms™! stripe, and Si-rich material at the boundary

of the 100 mms™! stripe.

a) y=0.1mms’!

v=1mms!

v=100 mm s!

FIGURE 7.3: Laser-annealed Si;_,Ge, lines written at a range of scanning speeds,

imaged under a) optical microscopy, b) scanning electron microscopy and c) back-

scattered electron diffraction microscopy. The Ge concentration is dependent on the

laser scanning speed, with high speeds inducing higher concentration at the stripe
centre.

Further investigation was carried out by scanning electron microscopy and back-scattered
electron diffraction (BSED) microscopy. SEM provides topographical information about
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the material surface after crystallisation, and shows minor differences based on laser scan-
ning speed. Figure 7.3b shows an SEM image that corresponds to the optical microscope

images discussed above. At low speeds (v < 1mms™1!), a smooth surface with an overall

! some roughness is visible, suggestive of unstable

1

curve is seen. At 5, 10 & 15mms™
crystallisation dynamics in this speed range. Finally, at speeds > 20mms™ a second
shape emerges, visible due to the ‘shadowed’ edges of the stripe. A full investigation of
the surface morphology and crystallisation dynamics is outside of the scope of this work,

but may provide valuable insights if undertaken.

Figure 7.3c shows BSED micrographs of laser-written stripes, with dark regions in-
dicating a higher Si content and light regions indicating high-Ge concentration. The
spatial resolution of this technique is lower than that of optical or scanning electron mi-
croscopy, as at the electron acceleration voltage used here (15kV) the interaction volume
is greater than 1pum, leading to underestimation of the Ge content due to the inclusion
of signal from the c-Si substrate. Despite this, the measurements confirm the obser-
vations of optical microscope study. Low-speed annealing induces a Si-rich core with
Ge-rich boundaries, while the reverse is true of high-speed annealing. At 5mms~' the
resulting concentration is approximately uniform and similar to that of the surrounding

amorphous material, while compositional segregation occurs at higher and lower speeds.

To illustrate this phase segregation in more detail, a theoretical model was created
by Dr Ozan Aktas, and used to carry out finite-element phase-field simulations using
COMSOL Multiphysics. The results of these simulations for scanning speeds of 0.1,
10 & 100mms~! are shown in Figure 7.4. At low speeds, germanium concentrates in
the molten zone. At the trailing edge, SiGe solidifies in approximately equal composi-
tion to the surrounding amorphous material. Undercooling from the highly thermally
conductive Si substrate leads to an increased silicon fraction at the lower edge of the
polycrystalline volume while the Ge concentration at the surface is slightly higher, sup-
porting previous observations by Ong et al. [161]. Although this is more noticeable for
simulations of high-speed annealing, a minor reduction in Ge content at the underside

is still visible in the simulation for v = 0.1 mms~!.

At higher scanning speeds, the high Ge concentration across the molten zone cannot be
maintained, as the transport speed of molten Ge is limited by its diffusion speed. The Ge
concentration is therefore higher at the trailing edge of the molten zone, increasing the
proportion of Ge that is deposited during solidification. This leads to high Ge content

in the middle and top of the stripe, and lower concentration in the remaining volume.

7.3 Analysis by Raman Spectroscopy

Raman spectroscopy is commonly used to examine the composition of silicon-germanium

alloys [162], [165]-[167], as it provides a rapid, non-contact and nondestructive means for
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FIGURE 7.4: Finite-element phase-field numerical simulations show the influence of

scanning speed on Ge fraction. Left: Top view showing the material composition at

the surface. A transient acceleration period is followed by a steady-state region, and

the molten zone in which the phase segregation occurs. Right: Cross-section of the

steady-state region at each speed, showing the Si and Ge distribution. Reproduced
with permission from [164].

determining both atomic percentage and material strain (5”) in a single measurement.
An example of the crystalline SiGe spectrum taken from a reference sample used in this
work with Ge content x = 0.62, is shown in Figure 7.5. Table 7.2 lists reference peak
positions for bonds in crystalline semiconductors, assuming pure material in the case of
the Ge-Ge and Si-Si bonds, and x = 0.5 in the case of the Si-Ge bond. As discussed
in the following section, the exact peak positions in the Raman spectrum of a Si;_,Ge,

sample are dependent on both the material composition and strain.

Bond  Peak Position (cm™!)

Ge-Ge 280
Si-Ge 411
Si-Si 520

TABLE 7.2: Unstrained Raman peak positions for bonds present in a SiGe alloy.

This section will discuss the method by which the Ge content and material strain were
calculated from Raman spectroscopy. A description of the data collection process and

the obtained results will also be provided.
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FIGURE 7.5: Raman response of strained crystalline SiGe, showing three peaks corre-
sponding to Ge-Ge, Si-Ge and Si-Si bonds respectively.

7.3.1 Analysis of Raman Spectra

The experimental peak positions wX Y, where X and Y are either Si or Ge, can be used
to calculate the Ge content x and in-plane material strain g by comparing each peak
with the unstrained reference position wg( ~Y listed in Table 7.2. The experimental peak

positions can be expressed as

WSS SISy gSiSt,  pSiSie (7.1a)
WSiGe = (i-Ge | gSiGey 4 pSiGeg (7.1b)
wGoGe — GeGe | fGe-Gey | BGe-Ge% (7.1¢)

where AX~Y connects the change in peak position with the Ge content, and BX Y
provides the relation between peak position and strain. To obtain values for AX~Y and
BX~Y a calculated position for the Si-Ge peak is found in terms of the experimentally

determined Si-Si and Ge-Ge peak positions. The process for this is described here.

First, Equation 7.1a and Equation 7.1c are rearranged to give expressions for g

(wSi-Si - wgi-Si) _ ASiSiy,
BSi-Si

6” = (7.2&)

(wGe—Ge o w(()}e—Ge) o AGe—Gex

g = [GeGe (7.2b)
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Equating these expressions to give

(wSi—Si _ wgi—Si) _ ASi_SiJT B (wGe—Ge _ w(()}e—Ge) _ AGe—Gex

BSi-Si - BGe-Ge (73)

eliminates €|, and this can be rearranged to give a term for z that is independent of £

BGe-Ge (wSi-Si o wgi-Si) o BSi-Si (wGe-Ge o wg}e-Ge)

= 15-5i gGe-Ge _ AGe-Ge BSi-Si (7.4)
A similar process can be followed to obtain an expression for €| independent of z:
ASi—Si wGe—Ge _ wGe—Ge _ AGe—Ge wSi—Si _ wSi—Si
LA o) — Ao (S5 s 5

ASI-Si BGe-Ge _ A Ge-Ge BSi-Si

These can then both be substituted into Equation 7.1b, giving an expression for a

calculated value of the Si-Ge peak position independent of both z and g.

(ASi—GeBGe—Ge _ AGe—GeBSi—Ge) (wSi—Si _ WSi—Si)
AStSi gGe-Ge _ AGe-Ge gSi-Si
(ASi—SiBSi—Ge _ ASi—GeBSi—Si) (wGe—Ge _ wg}e—Ge)

SiGe _ SiGe |

calc

w +

(7.6)

ASi-Si BGe-Ge _ AGe-Ge BSi-Si

Using Raman measurements on a SiGe sample of known composition (z = 0.62) from

Si-Si Ge-Ge

which w and w can be determined, the coefficients AX~Y and BX~Y were

calculated by minimisation of the total squared error between wSh&¢ and wS-Ge. These

calculations gave the values

ASFSE = 75 ASEGe — _ 13 fGe-Ge _ 19

. . 7.7
B8 = 870 BS-Ge = —550 BUYeCe = —510 0

Rewriting Equation 7.1 in matrix form, where AQ is the matrix of the differences

between measured and unstrained peak positions,

WSSt _ wgi-Si ASI-Si BSi-Si
AN = wSl—Ge _ wgl—Ge — ASI—Ge BSI—Ge ( ) = MX, (78)
WGeGe _ yGe-Ge AGe-Ge  gGeGe | \

where M is the matrix of coefficients and X is the vector for composition and strain. X
can be calculated for any measured Si;_,Ge, spectrum by applying inverse and transpose

operators to M, giving
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X = (M™) ' MTAQ. (7.9)

7.3.2 Results and Discussion

To measure the change in material composition across a laser-written stripe, a series of
Raman spectra were captured using a Renishaw Invia system. The spectra were taken
along an axis perpendicular to the direction of laser writing, at intervals of 0.5 um. The
illumination laser wavelength, A = 532 nm, was selected to ensure that the penetration
depth was low enough to avoid inducing a Raman response from the Si substrate. The
laser was focused to a spot diameter of 1 pm, limiting the accuracy of these investigations
due to the averaging of the signal across the larger volume. However, as the spot is
still smaller than the width of the written stripes, these measurements are still able to
indicate the change in composition. Examples of the resulting spectra from low-speed

and high-speed writing are shown in Figure 7.6.

Initial study of these indicates that low-speed writing results in a silicon-rich core in
the annealed region while high-speed writing induces a germanium-rich core volume
with silicon-rich fringes at the extent of the crystallised area. High silicon content is
shown by the proportionally high intensity of the Si-Si peak at a Raman peak shift of
approximately 500 cm™! and the strong overall intensity of the spectrum, as silicon has a
lower reflectance than germanium and therefore a greater fraction of the incident beam
is subjected to Raman scattering. The germanium-rich volume conversely shows a lower
intensity, due to the higher reflectance of Ge at the Raman laser wavelength, and a weak

Si-Si response.

Example spectra from individual points across the 25 mm s~ stripe which highlight the
features discussed above are shown in Figure 7.7. The amorphous region outside the
stripe exhibits no crystalline Raman peaks, while a strong response is seen for the Ge-
Ge, Si-Ge and Si-Si peaks in the stripe boundary. The similar intensity of each of the
three peaks suggests an approximately equal proportion of Si and Ge. In the stripe core,
the reduced overall intensity is indicative of a higher Ge content, as is the dominance of

the Ge-Ge bond response and negligible Si-Si peak.

A MATLAB script was written to calculate z and ¢ for each point in the line scans.
First, a Voigt fit is applied to each peak, determining the peak position and relative
intensity. Examples of these fits are shown in Figure 7.8 for scans taken at points with
high (z = 0.72) and low (z = 0.52) Ge. The peak positions show clear deviations from
the unstrained values of w&® G = 280 cm™!, w6 = 411 ecm~! and w55 = 520cm~1,
with the high-Ge spectrum having a greater change. These deviations are a result of
strain on the atomic bonds due to the mismatch between the lattice constants a of

crystalline silicon and germanium (Aa = 0.277 x 107'1%m). To precisely determine the
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FIGURE 7.6: Cross-section Raman maps on laser stripes annealed at a) 0.8 mms~! and
b) 25 mms~!. The higher Ge content in the centre of the high-speed annealed strip is
seen by the low overall intensity and the weak Si-Si bond signal.

average value of x in the volume from which the spectrum was taken, the MATLAB

script then applies the calculation process outlined in Section 7.3.1.

Figure 7.9 shows the variation in = across polycrystalline stripes written with scanning
speeds of 25mms™! and 0.1 mms~!. As observed from optical and BSED microscopy,
and predicted by simulations, the high laser scanning speed produces a high Ge content
in the core and low Ge content at the outer limits, while low scanning speeds do not raise
the Ge content and show a significantly lower contrast in content between the stripe core
and edges. This provides further verification that the content can be tuned based on the
laser scanning speed, opening opportunities for the microscale tailoring of Ge content
for specific applications in a post-deposition process. Potential uses for this technique
are not limited to stripes as demonstrated in this work, but could also be used to create

patterns such as diffraction gratings.
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FIGURE 7.7: Overlaid Raman spectra from the 25 mms~! Raman map, comparing

regions of amorphous material, the high-Si boundary at the stripe edge, and the high-

Ge core region. The higher reflectance of Ge reduces the total intensity of the Raman

response, and the a-SiGe region shows no crystalline peaks. Line colours correspond to
matching spectra in Figure 7.6b.
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FIGURE 7.8: Fitted single-point Raman spectra for a) high-Ge (z = 0.72) and b) low-
Ge (x = 0.52) following laser crystallisation of an amorphous Sig 4Geg ¢ film. Increased
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FIGURE 7.9: Ge content across stripes crystallised at high and low speeds in a-
Sig.4Gegg. High speeds result in a significantly increased Ge content at the core, and
reduced Ge content at the boundaries.
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7.4 Optoelectronic Characterisation of SiGe Stripes

The remainder of the work outlined in this chapter was carried out by Dr Ozan Aktas,
and is provided to contextualise the Raman analysis results presented in Section 7.3.
The demonstration of photodetection in laser-written SiGe stripes proves the capacity

of the laser-writing process for bandgap engineering.

To study the photodetective capabilities of the laser-written polySiGe stripes, they were
connected to a circuit and the current-voltage (I-V) characteristics were measured with
and without incident light onto the upper surface. Figure 7.10a shows the schematic ar-
rangement of the experimental setup, and Figure 7.10b shows a photograph of the same.
The sample and two stainless steel contacts were placed on high-precision x/y/z stages,
and a top-down microscope system was used for imaging to ensure accurate placement
of the contact points. The probes were brought into contact with the stripe with a sepa-
ration of 300 pm, and the objective used in the imaging was then used to illuminate the
top surface of the stripe with 800 nm wavelength pulsed laser light from a tunable source,
with an average incident power of 4 uW. Figure 7.11 shows the I-V curves for stripes
written at 0.1 mms™! and 25 mms~—!, with and without illumination, and the curve for
the amorphous material is provided as a reference for the material characteristics before
laser annealing. The crystallisation process clearly enhances the photocurrent of SiGe
by approximately four orders of magnitude, with greater conductivity enhancement seen
in stripes annealed at higher speeds. The average responsivity of 48 mA W' is close to
that reported in unpassivated SiGe photodetectors fabricated by conventional processes
[12].

a)

Laser beam

FIGURE 7.10: Experimental setup for photodetection measurements, in a) schematic

view and b) photograph of the arrangement with sample and steel contacts in high-

precision stages. Inset: Image captured through microscope objective used during
measurements for focusing incident light.

To investigate the bandgap engineering capabilities of the laser processing technique, the
influence of the illuminating wavelength on the photocurrent was measured to record

any changes to the bandgap, indicated by changes to the wavelength at which there
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FIGURE 7.11: The current (I)-voltage (V) curves for crystallised SiGe stripes written

at 0.1mms~! and 25 mms™?, in dark conditions and with illumination by an 800 nm

laser source. The amorphous IV curve has been enhanced by 1000 times for comparison
purposes.

is no longer a detectable photocurrent. At this wavelength, the incident photons lack
the energy to excite free carriers across the bandgap. For this, the incident laser power
was reduced to 2.5mW and the photocurrent Ipnoto = liight — Ldark Was recorded for
stripes written at 0.1, 1, 10 & 100mms~! as the illuminating wavelength was swept
from 980-1540nm in 20 nm steps. The normalised photocurrents are compared to that
of pure c-Si in Figure 7.12, showing that as the laser writing speed increases, the onset
of a measurable photocurrent occurs at higher wavelengths. At low wavelengths, the
influence of the c-Si substrate is seen up to ~ 1150nm, as the penetration depth of
the illuminating wavelengths are sufficient to pass through the 400 nm SiGe film. Be-
yond this point, the photon energy does not excite carriers across the Si bandgap. By
comparison with the indirect bandgap for unstrained Sip 4Geg g, which corresponds to a
wavelength of 1280 nm, it can be seen that the laser-induced phase segregation increases
the photodetection range of the SiGe alloy by over 200 nm. Additionally, in low-speed
stripes where the Ge composition deviates little from =z = 0.6, the photodetection range
is also increased by ~ 50nm due to the decrease in bandgap resulting from the tensile

strain that arises during laser annealing.

Comparison to photodetection work in Si;_,Ge, nanowires and Gej_,Sn, heterostruc-
tures indicates superior responsivity in both systems, with the former exhibiting a two
order of magnitude variation in photocurrent depending on the Ge fraction [168], and
the latter showing photodetection to wavelengths of up to 2.2pum [169]. However, in
these examples the composition tuning was achieved during deposition, meaning that
this new method shows far greater flexibility in its application, and significantly reduces

the complexity and cost of fabrication steps.
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FIGURE 7.12: The spectral response of the photocurrent varies with the illuminating

wavelength and the writing speed. High writing speeds extend the detection wavelength

range by more than lower writing speeds due to the increased Ge concentration. The
vertical line at 1280 nm indicates the bandgap of unstrained Sig 4Gep .

7.5 Conclusions

The demonstration of post-deposition controllable compositional segregation in a binary
SiGe alloy by constant-velocity continuous-wave laser annealing has been achieved, with
local Ge content ranging from 0 < x < 1. Measurement of the composition has been
carried out by Raman spectroscopy and confirmed by optical microscopy, back-scattered
electron diffraction microscopy and finite-element phase-field simulations. The charac-
terisation of the photoconductor-based detection range of these laser-written microstruc-
tures has been undertaken, demonstrating bandgap engineering to tune the absorption
edge by over 200nm. Combining this work with other studies into the engineering
of SiGe opens the door for advanced on-chip post-deposition fabrication of advanced
photonic circuits comprising of waveguides, gratings and bandgap-sensitive components
such as photodetectors. The optical and electronic characteristics of the laser-crystallised
material are, however, currently limited by the polycrystalline nature of the material.
Amorphous grain boundaries degrade optical and electronic performance due to scat-
tering and absorption, but an extensive body of work exists in the electronics industry,
focused on the maximisation of grain sizes obtained through continuous-wave laser an-
nealing of amorphous films. The application of such techniques may provide the capacity
to fabricate large-crystal or even monocrystalline SiGe integrated photonic components.
In addition, the behaviour of SiGe during laser treatment is similar to that of many
binary and ternary alloys and other multi-component systems due to the similarity in
their phase diagrams, indicating that the methods applied here may be more broadly
applicable.






Chapter 8

Conclusions and Future Work

8.1 Conclusions

This PhD project has focused on the application of localised laser crystallisation to fabri-
cate low cost and flexible semiconductor-based optoelectronic systems. Waveguides have
been fabricated in hydrogenated amorphous silicon using a novel etchless laser writing
process, record low losses have been obtained in laser-crystallised polysilicon waveguides
that has allowed for the first nonlinear characterisation in this material, and controllable

compositional segregation of silicon-germanium alloys has been demonstrated.

Using localised continuous-wave laser crystallisation, waveguides were created by writ-
ing a low-index polysilicon cladding into a high-index planar a-Si:H film. Transmis-
sion measurements demonstrated losses of (4.46 + 0.84) dBem ™! at A = 1550 nm, which
when compared to (4.31 £+ 0.76) dBcm ™! in a lithographically-defined reference sample
indicates the viability of the method for broader applications, albeit with further devel-
opment of the process to reduce losses further. The high versatility of the laser writing
system was demonstrated by the fabrication of S-bend and Y-junction structures. No
transmission was observed through these more complex structures, which was attributed
to scattering and absorption in the region between the polysilicon cladding and hydro-
genated amorphous core. Raman spectroscopic analysis along a cross-section indicated
a zone at this boundary that had remained largely amorphous while having also been
dehydrogenated. This results from the lateral diffusion of heat during laser crystallisa-
tion. The reduction of these losses would enable investigations into this technique for
optical interconnections [170], signal processing with nonlinear optics [51]—-[53], or de-
vices such as interferometers [69]. This novel approach for lithography-free manufacture
of waveguides in a-Si:H serves to avoid the inherent introduction of surface and sidewall
roughness from etching, and may provide a flexible and adaptable approach to photonic

system fabrication.

127
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In pursuit of CMOS-compatible low-loss polysilicon, amorphous silicon deposited at
230°C by HWCVD was etched to form wire structures, which were then crystallised by
localised laser annealing to form polysilicon. The etching acted to thermally isolate the
material, improving the crystallisation quality. Raman spectroscopy was used to inves-
tigate the material quality, showing the lowest FWHM of 2.72cm™!, compared to the
crystalline reference value of 2.7cm™!. Over a length of 140 um, the average deviation
from the mean in the FWHM was calculated to be 4.1%, indicating a highly consis-
tent material quality. This conclusion is supported by X-ray diffraction crystallography
measurements, which show crystal grain lengths of up to 1.6 mm. Transmission mea-
surements showed linear losses under 5dB cm ™! in six waveguides, with the lowest loss
being (2.41 £ 0.63) dB cm !, the lowest reported in polysilicon waveguides to date. This
waveguide, and another waveguide with loss of (3.98 £ 0.73) dBcm ™!, were selected for
characterisation of the third-order nonlinear processes two-photon absorption and self-
phase modulation. The TPA coefficient and nonlinear Kerr coefficient were calculated
from these, with values of Srpa between 7 x 1072 m W' and 10 x 1072 m W', and
ny in the range of 3.5 x 107 ¥ m? W~ to 4.5 x 107 m?> W—!. These are, respectively,
at the higher and lower ends of the values reported in single crystal silicon, suggesting
that with improvements to the material quality, polysilicon fabricated by the annealing
of deposited amorphous silicon may enable low-cost CMOS-integrated multilayer silicon

photonics.

Finally, the application of this laser annealing process to planar amorphous Sig4Geg g
films was used to demonstrate compositional segregation dependent on the translation
velocity of the laser spot. The composition was simulated using a finite-element phase-
field method, and the simulation was shown to match experimental observations from
Raman spectroscopy and back-scattered electron diffraction microscopy. The altered
concentrations of silicon and germanium in the crystalline stripes cause modifications
to the bandgap, demonstrated by photodetection and spectral response measurements.
An increase in photocurrent of ~ 4 orders of magnitude was seen between amorphous
and polycrystalline material, with higher laser scanning speeds resulting in a greater

sensitivity. The bandgap of a stripe written at 100 mms™!

was seen to act as a pho-
todetector for wavelengths of up to ~ 1500 nm, compared to the 1280 nm bandgap of
unstrained Siy 4Geg.g. The material strain induced by the crystallisation will also modify
the bandgap, however the extent of this has been characterised. The high tunability of
the bandgap and composition presents a new technique for fabricating graded-index Si-
Ge structures with different compositional requirements in a single photonic layer, with

the method being theoretically applicable to a wide range of similar alloy materials.

With all processes being carried out at temperatures below 450 °C, all of the fabrication
techniques demonstrated in this thesis are compatible with back-end-of-line integration
into the CMOS process flow.
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8.2 Future Work

The applications of direct laser writing as a waveguide fabrication technique, as described
in this thesis, leave a myriad of potential avenues for further development. This section

will outline those that have been identified so far.

In a-Si:H, the optimisation of crystallisation dynamics to limit the lateral dissipation
of heat in the laser writing process may limit the outdiffusion of hydrogen, reducing
transmission losses. As lower losses were obtained in the initial work undertaken with a
low-power source, lower powers may in fact be more suitable, and beam shaping tech-
niques may also influence the resulting material quality. If such low losses are obtained,
the demonstration of transmission through S-bends and Y-junctions is expected. As
these are building blocks for photonic circuitry, waveguiding through such components

would indicate the capability of this method for the fabrication of full optical layers.

For the fabrication of polysilicon waveguides, the use of higher scanning speeds may
result in larger grain sizes and associated lower propagation losses. Previous studies have
recorded greater crystal grain sizes at higher scanning speeds, with Healy et al. reporting
a single-crystal fiber core at 1mms~' and Michaud et al. identifying an optimum

scanning speed of 70mms .

Reducing waveguide dimensions to 1 pm or less would
also bring the cross-section more in line with that of structures used in silicon photonics
for nonlinear propagation, increasing the optical intensity without changing the required
power. At this stage, the majority of optical power lost during the waveguiding studies
in this thesis is thought to have originated from the coupling, as the crystalline material

quality was seen to be good based on Raman spectroscopy and XRD.

In photonic circuits, coupling losses would be much lower, meaning that the laser output
power required to achieve the third order nonlinearities demonstrated in this work would
be significantly reduced. Alternatively, equivalent laser output powers could be used to
obtain much greater spectral broadening, as was discussed in Section 6.5. Similarly, the
demonstration of other nonlinear mechanisms such as cross-phase modulation, Raman
amplification and four-wave mixing would consolidate the potential of polysilicon for
use in optical nonlinear applications. A primary attraction of polysilicon is its depo-
sition flexibility, and so the fabrication of multilayer photonic systems is a significant
step that must at some point be undertaken. Furthermore, as polysilicon has uses in
microelectronics as well as optics, the characterisation of the electron mobility of such
large grain material may serve to expand the applications of the laser crystallisation

process to other fields.

Finally, the preliminary work to tailor the compositional segregation of silicon-germanium
opens the door to a vast range of potential applications. The optimisation of material
composition is critical for device fabrication as the optical properties must be selected for

the desired applications. A more comprehensive investigation into the relation between
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laser scanning speed and composition, as well as into the resulting optical, electrical
and material properties of the processed material, would provide the full range of infor-
mation needed for this design process. From there, the fabrication of devices such as
photodetectors, the demonstration of waveguiding and the characterisation of nonlinear
optical effects would prove the suitability of this laser writing technique for the fabrica-
tion of full optical circuitry layers. Notably, waveguiding in Si-rich laser-written stripes
would require additional etching to ensure confinement, whereas waveguiding in Ge-rich
stripes is possible due to the higher refractive index of Ge compared to Si. Additionally,
the highly tunable velocity-dependent composition should allow for the fabrication of
low-dimension structures such as Bragg gratings using a variable scanning speed. Fi-
nally, silicon-germanium is only one example of a binary alloy structure, and so this

laser writing process should be applicable to a wide array of other materials.
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Polysilicon Loss Measurements

Width Speed Power Propagation Loss Coupling Loss

Waveguide (qm)  (mms~!)  (mW) (dBem™1) (dB)
21.1.E.1 7.31 23.93
21.1.E.3 13.16 22.95
21.1.E4 8.03 30.66
21.1.E.5 3 0.1 285 3.98 25.78
21.1.E.6 6.91 23.30
21.1.E.7 14.57 22.63
21.1.E.8 12.62 23.84
21.1.F.3 17.13 14.07
21.1.F 4 16.85 16.72
21.1.F.5 0.1 288 11.81 20.86
21.1.F.6 4 10.06 22.86
21.1.F.7 11.91 20.52
21.1.F.8 10.53 20.86
21.1.F.9 1 354 11.73 20.82
21.1.F.10 13.23 17.08

OLD.2.B4 11.63 24.63
OLD.2.B.7 2 1 392 9.22 22.79
OLD.2.C.2 295 16.99 21.48
oLD2.c7 2 1 - 9.26 24.53

OLD.2.C.10 14.09 18.82
23.1.A.1 3 0.1 285 15.77 17.30
23.1.C.1 15.59 13.61
23.1.C.2 3 0.1 285 11.38 24.10
23.1.C4 2.67 31.23

TABLE A.1: All transmission losses obtained where the linear fit to the results has an
rms value > 0.6, section 1.
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Width Speed Power Propagation Loss Coupling Loss

Waveguide " V' (mms~l)  (mW) (dBem—1) (dB)
23.2.A.3 7.88 32.5
23.2.A.6 10.65 27.96
23.2.A.7 22.91 7.73
23.2.A.8 3 0.1 285 15.24 19.86
23.2.A.10 22.62 10.67
23.2.B.6 2.93 36.56
23.2.B.8 17.63 14.64
23.2.B.9 3 0.1 285 6.55 27.09
23.2.B.10 7.63 26.95
23.2.C.2 13.74 22.55
23.2.C.3 7.48 29.2
23.2.C4 7.52 27.27
23.2.C.5 3 0.1 285 9.60 24.51
23.2.C.7 11.57 25.4
23.2.C.8 16.62 16.45
23.2.C9 9.87 22.02
23.2.D.7 12.33 27.32
23.2.D.8 3 0.1 285 8.01 31.71
23.2.D.10 11.42 23.82
23.2.E.7 2.41 32.59
23.2.E.8 2.79 33.13
23.2.E.9 3 0.1 285 3.32 33.91
23.2.E.10 8.46 24.79
23.2.F.1 7.95 29.12
23.2.F.2 10.39 25.46
23.2.F.3 15.25 17.02
23.2.F.4 3 0.1 285 16.56 16.48
23.2.F.5 13.14 17.87
23.2.F.6 11.69 24.24
23.2.F.7 10.46 23.25

TABLE A.2: All transmission losses obtained where the linear fit to the results has an
rms value > 0.6, section 2.
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F1GUure B.1: Crystal 10 has a recorded length of 1.6 mm. A total of 103 crystals were
identified along the 9.3 mm long waveguide.

133






Appendix C

List of Publications

C.1 Journal Papers

1. Aktas, O., MacFarquhar, S. J., Oo, S. Z., Tarazona, A., Chong, H. M. H.
and Peacock, A. C. “Nonlinear properties of laser-processed polycrystalline silicon
waveguides for integrated photonics”. Optics Express, vol. 28, no. 20, pp. 29192-
29201, 2020.

2. Aktas, O., Oo, S. Z., MacFarquhar, S. J., Mittal, V., Chong, H. M. H. and
Peacock, A. C. “Laser-Driven Phase Segregation and Tailoring of Compositionally
Graded Microstructures in Si-Ge Nanoscale Thin Films”. ACS Applied Materials
and Interfaces, vol. 12, no. 8, pp. 9457-9467, 2020.

C.2 Conference Papers

1. MacFarquhar, S. J., Aktas, O., Oo, S. Z., Tarazona, A., Chong, H. M. H. and
Peacock, A. C., “Nonlinear Characterization of Laser Processed Polysilicon Waveg-
uides for Integrated Photonics,” in CLEO: Applications and Technology (San José),
2021.

2. MacFarquhar, S. J., Aktas, O., Oo, S. Z., DONG, Chong, H. M. H. and Pea-
cock, A. C., “Fabrication of Hydrogenated Amorphous Silicon Waveguides via
a Lithography-Free Direct Laser Writing Method,” in Conference on Lasers and
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S. Z., Mittal, V., Chong, H. M. H. and Aktas, O. (2020). “Laser processed semi-
conductors for integrated photonic devices - INVITED”. EPJ Web of Conferences,
vol. 238, 01001, 2020.
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