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Abstract

Integrated photonics is a key enabling technology for communications, sensing, and quan-
tum information processing. Femtosecond laser direct writing (FLDW) offers unique
advantages for this field, including three-dimensional structuring, rapid prototyping, and
compatibility with diverse transparent substrates. This thesis investigates the design, fab-
rication, and characterisation of laser-written waveguides and devices, with particular em-
phasis on understanding how fabrication strategies and device geometry influence optical

performance.

This thesis starts with an overview of the research field, theoretical background, and ex-
perimental setup for the studies. The research progresses are then reported through three
main experimental studies. First, a fabrication method is introduced that compensates for
edge aberrations without post-processing, reducing failure rates and enabling in-situ de-
vice writing. Second, multiscan waveguides fabricated with spherical phase-induced mod-
ulation (SPIM-WG) are investigated through simulations using COMSOL Multiphysics
software, showing how geometry, separation, and symmetry govern supported waveguide
modes. Agreement with experimental results demonstrate how these SPIM-WG structures
can be tailored for coupling to fibre or to devices with asymmetric spatial modes such as
ppKTP waveguides. Third, directional couplers are analysed theoretically and experimen-
tally, demonstrating how their splitting ratios vary with geometry and input conditions,

and extending this understanding to three-dimensional, out-of-plane configurations.

Together, these results show how geometry, refractive index modification, and charac-
terisation can be harnessed as design parameters for integrated photonics. Beyond funda-
mental insight, they establish design strategies with direct relevance to industrial applica-
tions in optical communications, co—packaged optics, data-centre interconnects, precision
sensing, and quantum photonics. Looking forward, the methods developed here point
toward heterogeneous integration with other platforms and the use of additional degrees
of freedom of light, such as spatial modes and polarisation, to realise scalable, application-

ready photonic systems.
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the end of the interaction region (z =2mm). . . . ... ... ... ...
Schematic of the design of a fabricated directional coupler. . . . . . . ..
View of experiment measurements at the output end of a directional
coupler: (a) Output facet of primary and secondary waveguides under
widefield microscope showing the cross-section of fabricated waveguides
which are non-circular and elongated along the y-direction. (b) Micro-

scopic image of laser light guiding modes at the two outputs. . . . . . .
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6.12

6.13

Splitting ratio against interaction region length of laser-written directional
coupler (DC) with input polarisation angle ¢ (relative to the vertical
symmetry axis), and ¢ at 0°. (a) Measured splitting ratios and least-squares
fitted sinusoidal curves for 6 at 0° and 90°. (b) Measured splitting ratios
and theoretical predicted curves for ¢ at 30°, 45° and 60°. Error bars
indicate measurement €rrors. . . . . . ... e e e
Splitting ratio against interaction region length of laser-written directional
coupler with input polarisation angle 6 (relative to the vertical symmetry
axis), and ¢ at 90°. (a) Measured splitting ratios and least-squares fitted
sinusoidal curves for 6 at 0° and 90°. (b) Measured splitting ratios and
theoretical predicted curves for 6 at 30°, 45° and 60°. Error bars indicate
measurement errors. Fig. 6.13 shows the case for ¢ = 45°, where the
geometry of the interaction region is effectively rotated by 45°. It is
observed that the splitting ratios for polarisations at 6 = 45° and 135° now
show sinusoidal variation with a single frequency, matching the principal
axes of the system. The values of x are found to be k45 = 1.80 rad/mm
and K135 = 1.77 rad/mm. The amplitude of the splitting ratio for angles
not along the principal axes displays a modulation similar to the case of
G=0°inFig 6.11.. . . .
Splitting ratio against interaction region length of laser-written directional
coupler with input polarisation angle ¢ (relative to the vertical y-axis), and
¢ at 45° dashed curves - least-squares fitted sinusoidal curves for 0 at 45°
and 135°% solid curve - theoretical predicted curves for ¢ at 90°. Error

bars indicate measurement €rrors. . . . . . . .o e e e e e



CHAPTER 1

Overview

1.1 Introduction

This thesis investigates and develops the technology of femtosecond laser direct writing
(FLDW) for fabricating waveguide-based components in integrated optical devices. This
introductory chapter outlines the research motivation and provides a structured overview
of the whole thesis, preparing further discussions in subsequent chapters. Various aspects
of the technology are explored, including novel fabrication methods and characterisation,
which lay the foundation for further developing sophisticated techniques for industrial

applications.

1.2 Motivation

Optical computing and optical interconnects have received rapidly increasing attention in
recent years as electronic implementations are reaching bottlenecks in information density
and energy efficiency [1], as exemplified by the slowing down of Moore’s and Dennard’s
scaling laws [2-4]. Optical-based implementations are promising candidates to alleviate
these issues due to high parallelism and energy efficiency [5, 6]. However, it encounters

challenges of its own which have yet to be solved and proposes significant engineering

difficulties.

Current implementations are mostly silicon based due to its compatibility with ma-
ture CMOS technology [7]. However, CMOS technology is planar in nature, and it is

very challenging to utilise all the spatial dimensions. Moreover, getting light in and out
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of silicon devices poses enormous difficulties due to mode-size mismatches with other

components such as optical fibres [8].

FLDW has garnered interest as a candidate to overcome these challenges. Using
ultra-short pulse lasers, three-dimensional structures can be created inside a transparent
material such as glass. The intense ultra-short pulses at the laser focus are sufficient to
permanently modify the material, creating regions with increased refractive index to form
waveguide structures. The geometry of these structures can be controlled by moving the

laser focus inside the material, hence the technology is known as direct laser writing [9].

Glass substrates in particular have numerous advantages as the material of choice.
Compared to other commonly used materials for FLDW such as polymers, glass has
stronger mechanical strength and is more resistant to environmental factors such as tem-
perature, humidity or chemical changes [10]. It is also easier to prepare larger substrates
with improved flatness to enable higher component densities and finer patterning. More-
over, since glass has a similar thermal expansion coefficient to silicon, it offers the potential
of further integrating with silicon photonic components for more efficient co-packaged

optics with lower thermal stress [11].

Nevertheless, there are still a number of challenges that the FLDW technology faces,
and this thesis aims to develop the methods for FLDW from three different directions. The
first aims to tackle the need for post-processing of samples to reduce time-consumption
and minimise errors, at the same time opening up potentials for in-situ fabrication where
external components are already bound onto the substrate before fabrication. The sec-
ond method looks at creating waveguides with arbitrary cross-sections to improve mode-
matching and reduce coupling loss, which enables further possibilities of integrating with
a much larger range of sources, connectors and receivers, which have implications in a
wide range of applications in computing, communication and extending to quantum op-
tical implementations. The final part investigates the polarisation effects of evanescent

coupling of out-of-plane geometry, which fills in a gap in the literature where past inves-



tigations are either planar or did not fully account for polarisation effects. This work lays
the foundation for further understanding the behaviour of polarisation in integrated opti-
cal devices and harnessing polarisation as an extra degree of freedom of light for enhanced

parallelism.

1.3 Thesis outline

This thesis outlines the motivation for developing and better understanding FLDW as a

manufacturing technology.

Chapter 2 provides an in-depth discourse on the background of FLDW technology,
including the basic principles of pulsed-lasers and material modification mechanism which
allows the creation of waveguide structures in the first place. It will then discuss the role
of adaptive optics in assisting device fabrication, explaining how a spatial light modulator
helps to compensate for depth-dependent aberrations when combined with a 4-f system
in the optical path inside the fabrication system, which allows the consistent fabrication
of identical waveguide structures at different depths under the surface. The basics of
waveguide theory will then be introduced and discuss various properties important for

understanding their principle of operation and characterisation.

Chapter 3 presents the experimental setup and procedures. The fabrication setup and
characterisation setup will be described in detail. In addition, the procedure for device
preparation and processing together with methods for data processing and analysis will

also be explained.

Chapter 4 explores a new fabrication method for processing sample in-situ without
the need for post-processing. In the current fabrication workflow, the fabricated sample
requires post-processing to polish back on the waveguide interface due to edge aberration
effects. This is very time-consuming and a major point of failure during the fabrication
process in the form of undesired mechanical damage to the sample edge. Moreover, this

creates a barrier for fabrication in-situ since the surface has to be exposed for this polishing



step. The new method compensates for the edge aberration by only using half of the
pupil for fabrication near the edge, and it is shown that the modes of the waveguide
created using this new method is similar to that of the normal waveguide, which verifies

the feasibility of this method.

Chapter 5 presents another fabrication method for creating waveguides that has an
arbitrary mode-section, enabling potential applications for mode-converters and more
exotic waveguide engineering capabilities. Simulation results are provided to show that it is
possible to build up a larger refractive index structure from smaller individual waveguides
which has specific preference for certain spatial modes. Combined with a method that
involves artificially inducing a spherical aberration, the method known as spherical phase-
induced multiscan waveguide (SPIM-WG) is shown to be able to create devices that
can transform between arbitrary mode shapes with a variable cross-section adiabatically.
This enables devices that can act as on-chip beam rotators, adiabatic mode converters,
and waveplates, which opens up many possibilities for integrated optical processing and

connections.

Chapter 6 presents a characterisation of a polarisation-dependent phenomenon in
directional couplers. The coupling between two arms of directional couplers exhibits a
polarisation dependence which results in a modulation of the splitting ratio depending
on the input polarisation. By creating multiple sets of directional couplers, it is possible
to investigate how the coupling ratio varies as a function of interaction region lengths.
Moreover, the effect of geometrically offsetting the two arms in the vertical direction
relative to the sample surface is also looked at which verifies the experimental results

agree with the proposed general way of understanding such configurations.

Finally, Chapter 7 summarises the work and highlights potential applications. The
chapter will conclude with potential directions for future work, exploring possibilities for

further developing the methods for advancing the technology.



CHAPTER 2

Background

2.1 Ultra-short pulse lasers

Lasers are devices that generate and amplify light [12]. The output beam of a laser is
coherent, directional and highly collimated, which can be focused to a tiny focal region
of the size on the order of its wavelength. Most of the power of the beam is delivered to
that region, inducing material modifications which make lasers a suitable candidate for

fabricating structures inside a substrate.

Laser operation can be classified into continuous wave operation or pulsed operation.
Continuous wave lasers have a constant amplitude in time, whereas pulsed lasers have
a limited time duration for each pulse. In this section, I will define what it means by
ultra-short pulse, and explain the main parameters related to pulsed operation. I will then
describe the physical process of how ultra-short pulse lasers permanently modify material

properties when focused inside a transparent dielectric.

2.1.1 Mode-locking

Ultra-short pulses are pulses of extremely short duration, on the order of femtoseconds
(107'° 5). For this reason, ultra-short pulse lasers are often also referred to as ultrafast

lasers or femtosecond lasers in literature.

Ultra-short pulses are generated through a process known as “mode-locking”. A

free-running laser without any control to the laser spectrum has longitudinal modes that



oscillate independently with random phases, resulting in noisy and incoherent output
[13]. Through mode-locking, it is possible to produce well-defined pulses with all modes
oscillating in phase given the gain medium has sufficient bandwidth. There are many
methods to implement mode-locking in a laser, for example utilising nonlinear optical
effects such as the optical Kerr effect to modulate the laser for obtaining the desired

output [14].

Normalised
Intensity

time

Figure 2.1: Schematic of mode-locked laser output. Trr: repetition period. w: Pulse duration.

Fig. 2.1 shows a schematic of the temporal profile of a mode-locked laser output.
Some important parameters of the laser are defined: The pulse duration w is usually
defined as the FWHM (full-width at half maximum) of a pulse. The repetition period
Trr is the time between two consecutive pulses. The parameter repetition rate is more
commonly used over the repetition period, which is given by 1/Tkr. The lasers used
in FLDW typically have maximum pulse energies from a few uJ to a few m], and the

repetition rate can range from kHz to MHz. Typical pulse durations are around 50-300 fs.

2.1.2 Chirped-pulse amplification

Higher pulse energies provide greater flexibility in laser writing of glass, enabling controlled

access to different modification regimes. It is difficult to amplify ultrashort laser pulses



directly without damaging the laser gain medium and optical components. In modern
ultrashort pulse laser amplifier systems, Chirped Pulse Amplification (CPA) is a technique
developed to circumvent this issue while enable such systems to remain relatively compact.
CPA consists of three major steps: the pulses are first stretched temporally using dispersive
elements such as a pair of gratings to separate the pulses’ frequency components in a step
known as “chirping”, which reduces the peak power and prevents subsequent damage
to amplification components. The stretched pulse is then safely amplified through the
gain media. Finally, the pulse is recompressed into its original form through reversing
the stretching process, obtaining the desired high-power pulses that would otherwise not
be possible [15]. Through this process, ultrafast laser pulses of sufficiently high intensity

can be generated for FLDW [16].

2.2 Femtosecond direct laser writing

FLDW in glass has become one of the most important approaches for realising integrated
photonic devices, owing to the unique ability of femtosecond pulses to induce localised,
permanent refractive index modifications within transparent dielectrics. This enables the
direct inscription of buried optical waveguides with three-dimensional freedom, without
the need for masks, chemical processing, or multiple fabrication steps. This section
describes the material modification process and how the fabrication parameters affect the

resulting modification.

2.2.1 Material modification

When focused inside a transparent dielectric, the laser delivers energy to the focal volume.
When this energy density is high enough, it will initiate absorption through nonlinear field
ionisation and avalanche ionisation, as illustrated in Fig. 2.2 [17]. This process creates an
electron-ion plasma, which induces permanent structural changes in the material when the
energy of the plasma is transferred to the lattice. A high numerical aperture (NA > 0.5)

objective lens is usually employed to focus the light in space, ensuring a tightly confined



focal volume and enhanced spatial resolution, while short pulse durations temporally

confine the energy delivery.
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Figure 2.2: A focused femtosecond laser beam is tightly focused into a transparent sample and
translated laterally during irradiation. The high intensity at the focal region induces nonlinear
absorption processes that enable material modification even within optically transparent media.
(a) Multiphoton ionisation: Several photons are simultaneously absorbed to excite an electron
from the valence band to the conduction band. (b) Tunneling ionisation: Under a strong optical
field, electrons tunnel through the potential barrier from the valence band into the conduction
band. (c) Avalanche ionisation: Free carriers absorption followed by impact ionisation. Adapted
from [18].

Femtosecond pulses have the advantage that the structure modification is localised
[19] since the time duration of laser pulses is shorter than the time for heat to diffuse out
of the focal volume to the surrounding area of the laser-irradiated region [20], and this
fabrication regime is known as the heat accumulation regime. In the case of longer-pulsed
lasers such as nanosecond lasers, the modified region could extend outside of the focal
volume which could lead to undesirable effects such as reducing the spatial resolution of

fabricated structures [21].

2.2.2 Choice of material

The modification behaviour of materials under laser irradiation is intrinsically linked to

their physical properties, making material choice a critical factor in determining the out-



comes of laser writing processes. Key parameters such as the electronic bandgap, linear and
compositional makeup collectively dictate how deposited laser energy is coupled, confined,
and relaxed within the medium. Certain wide bandgap dielectrics such as fused silica are
more sensitive to fabrication parameters, where the material modification can be cate-
gorised into 3 types depending on the pulse energy delivered. Type I modification occurs
when the fabrication energy exceeds the breakdown threshold of the material, resulting
in an isotropic refractive index change at low energies, suitable for fabricating waveguides
and other low-loss devices [22]. Type II modification occurs when the pulse intensity is
higher, resulting in nanograting formation [23] which are self-assembled nanostructures
with sub-wavelength period. Those structures are characterised for their anisotropy and
higher loss, which hinders performance for low loss applications but could be useful
for other applications such as femtosecond laser-assisted etching to produce micro-fluidic
channels [24] or controlled birefringent structures [25]. At even higher energies, Type I1I
modification results in void formation [26], inducing disruptive damage to the material
from micro-explosions. On the other hand, borosilicate glasses such as Corning Eagle
2000 have a lower bandgap due to impurities [27], therefore they demonstrate a different
behaviour where the heating regime avoids the formation of nanogratings even at higher
energies, allowing a larger window for parameter adjustment which in some cases enables

easier fabrication.

2.2.3 Types of lasers and parameters

Difterent types of lasers have been employed for waveguide fabrication [28]. For example,
Ti:sapphire amplified lasers typically have 50-200 fs pulse duration and 1-200 kHz repeti-
tion rate. They can have a broad range of wavelengths (although some are fixed, e.g. at
800 nm), and can be used to process a wide range of materials. However, they provide
refractive changes of 1-2x 1073 typically, which is relatively low compared to using other
lasers. Ytterbium-based (Yb) lasers have been used to provide better fabrication results.
They operate at 1030 nm wavelength which can be frequency-doubled to 515 nm. Their

pulse duration is around 300 fs with repetition rates up to 1 MHz. They are also com-
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pact and cost-effective since they are directly pumped by a laser diode and do not require

amplification stages.

For the applications relevant to this report, a positive refractive index change is
required for waveguide operations, and with these parameters at suitable pulse energies
femtosecond lasers can induce a refractive index change 5-10x 1073 in glass which is

suitable for creating waveguides [29].

2.3 Adaptive optics for laser processing

Optical aberrations refer to deviations of light from its ideal form. Aberrations can arise
from a number of reasons, including imperfections in components of the optical system,

misalignment or refractive index mismatch between air and another material.

In ultra-short pulse laser processing, researchers have noticed early on that spherical
aberration caused by focusing inside glass displaces and elongates the focus [30]. Other re-
searchers have noted that the threshold pulse energy for material modification is increased
when spherical aberration is more significant [31]. However, it is only in recent years
that the more flexible adaptive optics techniques are implemented in ultra-short pulse

fabrication systems to improve the quality of fabrication.

Adaptive optics (AO) was originally envisioned for improving astronomical observa-
tion [32]. It has found widespread applications in different areas since then, including

biological microscopy [33] and retinal imaging [34].

In this section, I will begin by introducing Fourier optics which is an important tool
for understanding propagation of light through lenses and calculating the light intensity
distribution at the focal region [35]. This is important for focusing laser near diffraction
limit with high NA and very relevant for laser processing in general, and heavily impacted
by optical aberrations. I will then give an overview of Zernike polynomials, which are
widely used in representing aberration modes in optical systems. Lastly, I will describe

the choice and operation of adaptive elements.
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2.3.1 Phase aberrations

First proposed by Frits Zernike [36], the Zernike modes are a set of polynomials that
are continuous and orthogonal over a unit disk [37]. They are commonly used in optics
and image processing for modelling the phase distortion to a wavefront passing through
circular apertures. The normalised Zernike polynomials have the desirable property that
the coeflicient of each mode represents the root mean square wavefront error attributed
to that mode. Since a significant portion of optical systems employs circular compo-
nents and pupils, the Zernike modes have been widely adopted for describing wavefronts

propagating through these systems.

The mathematical representation for an arbitrary function on a disk in polar coordi-

nates (r,6) can be written as a sum of orthonormal polynomials:

W(r.0) =Y Crzy(r,0) (2.1)

m,n

where C)" are the Zernike coefficients and Z)"'(r,6) are the Zernike polynomials. The
two indices m and n are the respective degrees of the azimuthal component and the radial

component. m and n are integers subject to n > |m| > 0 and n — |m| = even.

The Zernike polynomials have the form

(
V2n + 2R (1) cos(|m|f) for m >0

Z'(r,0) =  v2n + 2R™(r) sin(|m|0) for m < 0 (2.2)

vn+ 1R"(r) form =0
\

where the radial term R]'(r) is given by

(n—m)/2 s
(_1) (n — S)' n—2s

B0 = X Sermha- e @Y

There are various ways of labelling Zernike polynomials with one index k by ordering
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m and n differently, and the convention used in this report is from Neil’s paper [38].

In ultra-short pulse laser fabrication, the lower order modes (piston, tip, tilt, defocus)
are often ignored as they do not affect the fabrication process. Piston (k = 1) adds a
constant phase which does not affect the shape of the focus, and tip (k = 2) and tilt
(k = 3) are equivalent to a lateral translation of the laser focus in the plane perpendicular
to the beam direction. The defocus (K = 4) component translates the focus in the axial

direction.

Table 2.1 shows the polynomials that are corrected in the fabrication system used
throughout this study. Higher order modes have little contribution to the shape of the
focus, therefore correcting for these 5 modes is sufficient to significantly improve the

quality of fabrication. These modes are plotted in Fig. 2.3.

Table 2.1: Zernike polynomials for k = 5, 6, 7, 8, 11

k n m Zy(r, 0) Aberration term

S 2 2 V612 cos(26) Vertical astigmatism
6 2 —2 V672 sin(26) Oblique astigmatism
7 3 1 2v/2 (31 — 2r) cos(6) Horizontal coma
8 3 -1 2v/2 (313 — 2r) sin(6) Vertical coma

11 4 0 V5 (6rt — 612 4+ 1) Primary spherical

Z5 Z6 zZ7 Z8 1
Figure 2.3: The Zernike modes in Table 2.1 over the unit disk.

Spherical aberration arises when focusing inside a material of different refractive index
from another medium and is depth dependent, therefore it warrants extra discussion. The

nominal depth d,,o, is defined as the depth to which we are focusing within the sample.
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The analytic expression for spherical aberration at d,,,,, is [39]:

salp) = = (\fog = (NAP -\l (NADR) @)

where A is the wavelength of light, n; and ny are the refractive indices of the two media,
NA is the numerical aperture and p is the normalised pupil radius. This expression
contains a defocus phase which leads to the actual focal position being deeper if 1y > n;.

This results in do.¢ being greater than d,,,, as illustrated in Fig. 2.4.

Figure 2.4: Actual and nominal depths of the laser focus. Since n1 < mg, the beam refracts
and the actual focus (where red solid lines converge) is deeper than the nominal depth (where
blue dashed lines converge).

Since defocus is just an equivalent translation of the sample stage, it can be removed
from the total abberation ¢g4 in order to reduce the magnitude of the correction needed
from the adaptive element. The defocus-free spherical aberration function denoted by
dsa(p) is [40]:

. LoD
Psa(p) = dsa — %DnQ (2.5)

n2’

where (,) is the inner product. The defocus phase D,2(p) is given by

o 27Tdnom

A

Dna(p) n3 — (NAp)? (2.6)
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and ¢'y4 = pga — mean(psa) and D), = D,o — mean(D,3) correspond to their non-

prime counterparts subtracting their respective mean values.

The actual fabrication depth dg is therefore related to the nominal focal depth d

by
(D545 Dipa)
dact = dnom (1 + S;A’ 72 > (27)
< n2» n2>

which is a function of NA. A plot of the relationship between the ratio of dye and dyom,
is shown in Fig. 2.5. Assuming an air-material interface, n; is set to 1, and three curves
are plotted for different 1y to observe the effect of refractive index on the scaling factor.
At low NA, which is the part of the graph nearer NA = 0, the paraxial approximation is
applicable. The ratio of duct and d,op, is approximately equal to the refractive index of the
substrate. As NA increases, this scaling factor becomes significant at around NA > 0.5.
Moreover, we can see that with higher refractive index, the ratio is more sensitive to the
NA used in fabrication and begins to increase at lower NA, therefore extra care should

be taken when fabricating inside high refractive index material.
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Figure 2.5: The ratio of nominal to actual focusing depth as a function of the numerical
aperture calculated using Eq. 2.7.

In summary, Zernike polynomials provide a powerful mathematical basis for quanti-
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fying and correcting optical aberrations. By identifying and compensating the dominant
low-order modes, particularly astigmatic and spherical aberrations, adaptive optics enables
precise control of the focal field, thereby enhancing fabrication accuracy and consistency

in FLDW.

2.3.2 Adaptive optical elements

To compensate for the aberrations described in the previous section, adaptive optical el-
ements are employed to dynamically modify the phase of the optical wavefront. This
process is known as aberration correction, whereby a compensating phase pattern equal
in magnitude but opposite in sign to the measured or estimated aberration is applied to
the beam. The goal is to restore the wavefront to its ideal form and recover a diffraction-
limited focus at the desired position within the sample as much as possible. The corrective
phase can be determined using various methods, including direct wavefront sensing, in-
terferometric techniques, or iterative optimisation based on image or signal metrics [41].
Implementing aberration correction not only restores beam symmetry and focal confine-
ment but also enhances energy delivery efficiency and fabrication precision—both of
which are critical for high-quality ultra-short pulse laser processing. An adaptive optical
element is a device which dynamically modifies the phase of the wavefront across the
beam. The two most commonly used adaptive elements are deformable mirrors (DMs)

and spatial light modulators (SLMs).

DMs are usually electrically controlled by an array of actuators, which modifies the
angle and shape of a reflective surface. There are different implementations of DMs, for
example they can have a continuous membrane or are made of individual segments. They
are actuated electro-mechanically by electrostatic, electromagnetic or piezoelectric means
[42]. Being mirrors, they have high reflectivity and are insensitive to polarisation. They
can operate over large bandwidths, but usually have much less spatial resolution than a

SLM. They can operate at rates up to several kHz.

SLMs also come in numerous forms, with the vast majority operating with a liquid
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crystal layer on silicon back plane. The liquid crystal is controlled by an applied voltage.
They are generally slower than DMs, and they tend to have lower optical efficiency since
the light has to pass through a liquid crystal layer in a SLM but is reflected directly
in a DM. The number of drivable pixels is typically much higher than that of DMs,
but the modulation range is limited. This can be overcome by phase wrapping 27 to 0
radians. Since SLMs are able to have discontinuities between adjacent pixels this allows

for interesting applications such as parallelisation [43].

For FLDW, SLM:s are suitable because laser light is narrowband and single polarisation.
High speed operation is also not essential for the majority of fabrication processes since
the aberrations induced by the system and refractive index mismatch of the sample is

relatively constant over the course of fabrication.

2.3.3 Applications of adaptive optics in laser processing

Although correcting for system and depth-dependent aberrations are crucial, the func-
tionality of the SLM is certainly not limited to aberration correction. There has been
substantial work in the direction of utilising adaptive elements to enhance parallelisation,
significantly reducing the total laser processing time. This is achieved by splitting the
beam into an array of foci through displaying the appropriate phase pattern hologram on
the SLM, usually generated via advanced computational techniques [44]. Demonstrations

creating arrays with more than 1000 individual fabrication foci have been realised [45].

Beam shaping can also be utilised to adjust the shape and dimensions of the laser focus,
hence allowing additional control over the material modification process. Applications
include creating circular waveguides by stretching the beam in the horizontal direction
[46], creating a flat top intensity profile for large area processing [47], and creating special
optical vortex beams carrying optical angular momentum for creating complex material

modifications [48].

Specifically for the work in this thesis, in Chapter 4, I will utilise an SLM to apply

a phase mask for spatial filtering, and in Chapter 5 intentionally apply a spherical phase
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pattern to control the focus shape for which allows for a novel way of creating waveguides

in a different fabrication regime.

2.3.4 4 lens relay system

The 4-f imaging system plays an important role in many optical systems, and it is also
useful for adaptive optics in laser fabrication. Fig. 2.6 shows the geometry of a 4-f system.
The system is constructed by having the back focal plane of the first lens coinciding
with the front focal plane of the second. The overlapping plane is known as the Fourier
plane. The 4-f system effectively performs one Fourier transform through each lens. The
image at the back focal plane of the second lens will therefore be an inverted copy of the
object, to a good approximation, at the front focal plane of the first lens, preserving both

amplitude and phase information.

Front focal plane Fourier plane Back focal plane

Figure 2.6: Geometry of a 4-f system. Black solid lines are rays through the system, and red
dashed lines indicated the positions of the important planes.

The inexactness of this imaging process arises from the finite aperture of the lenses,
which limits the range of spatial frequencies that can pass through the system. High

spatial frequency components corresponding to fine details or sharp edges in the object
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are clipped by the finite aperture and thus not fully transmitted to the image plane. As
a result, the reconstructed image is a band-limited approximation of the original object
rather than an exact replica. This approximation holds well near the optical axis under the
paraxial approximation where the angles of propagation are small, but deviations become

more significant for rays far from the optical axis or when the numerical aperture is large.

This particular combination of optical components has the advantage that the phase
information will be conserved through the system in a way that would not be possible
using a single lens. Although phase information may not always be important for typical
imaging, it is important for our application since we modulate the wavefront using an
adaptive element and we do not want this wavefront to be further distorted. This is crucial
for the effective utilisation of the spatial light modulator and relaying the modulated
wavefront to the objective pupil plane which we will implement in our fabrication system

described in section 3.1.1.

Moreover, having access to the Fourier plane also allows us to perform spatial filtering,
which will be important for the application described in Chapter 4. A grating pattern can
easily be produced on the SLM by simply displaying a Z2 or Z3 Zernike mode depending
on the direction of writing, which effectively shifts the beam by a fixed amount. By
inserting a pinhole at the Fourier plane, we can then block the zeroth order which allows
for obtaining the desired beam shaping. The exact setup will be described in more detail

in the relevant chapter.

The working principle underlying the 4-f system is explained by Fourier optics, where
Fourier analysis is applied to analyse what happens spatially during light propagation by
considering wavefronts as being made up of a superposition of plane waves. The Rayleigh-
Sommerfeld diffraction integral describes the propagation of light between two planes by

considering Huygens’ principle [49]:

1 k
E(zs,yp) = a//E(u},x“yz) WCOS Odz;dy; (2.8)
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where x;,y; are the spatial coordinates on the input plane, and zy,ys are the spatial
coordinates on the final plane where the field propagates towards. The distance R between

the beginning and end points is given by

R= /2 + (2 — 2 + (ys — ) (2.9)

Assuming that z and y are small compared to 2, we can use the paraxial approximation

which assumes 6 is a small-angle and obtain
R~z+ [(xy — ) 4 (yy — yZ)Q] /22 (2.10)

Using this expression equation 2.8 is simplified to the well-known Fresnel diffraction

integral:

eikz ik ()2 It
E(:Cf,:l/f) =~ ZAZ //E($Z7yl) e 2z [( f L) +(yf yz) ]dxldyz (2.11)

If we expand the exponent inside the integral and factorise the component, we obtain a

Fourier transform expression which is equivalent to the Fresnel integral:
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E(zy,yr) =

where F {} represents the Fourier transform. If z is sufficiently large and z; and y;
a2 4y?
sufficiently small that the e** 73" term is small, we obtain the Fraunhofer diffraction

integral:
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This usually means that there is an aperture in the input plane that has a finite extend. If
there is a single lens, assuming the Fraunhofer approximation is valid, the field amplitude
and phase at the back and front focal planes are given by a direct Fourier transform with

a quadratic phase factor that varies across the output plane.
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A rule of thumb for the validity of Fresnel and Fraunhofer approximations are given
by the Fresnel number

(7 +y7)

F= max 2.14
Y (2.14)

which depends on the wavelength .

The Fresnel approximation is valid when /' =~ 1 and the Fraunhofer approximation
is valid when F' << 1. In the far field scenario, where the Fraunhofer approximation is
applicable, the propagation paths of incoming rays are almost parallel. When considering
the focusing of light by a positive lens, parallel rays are focused into a point on the focal
plane, therefore the Fraunhofer diffraction can be used to analyse positive lens systems.
This framework allows us to understand the 4-f system through Fourier transforms, and

how it indeed preserves the relative amplitude and phase of the wavefront.

In summary, adaptive optics has emerged as an indispensable technique in ultra-short
pulse laser processing for compensating optical aberrations and enhancing fabrication
precision. By combining the theoretical framework of Fourier optics, the analytical de-
scription of aberrations using Zernike polynomials, and the implementation of adaptive
elements such as spatial light modulators and deformable mirrors, it is possible to achieve
diffraction-limited focusing even within refractive index-mismatched materials. Beyond
simple aberration correction, adaptive optics enables flexible beam shaping, dynamic focus
control, and large-scale parallelisation, thereby significantly extending the capabilities of
FLDW fabrication. The integration of adaptive optics with Fourier-based 4-f relay systems
ensures accurate phase transfer and spatial filtering, forming a robust foundation for the

advanced laser processing methodologies developed in the subsequent chapters.

2.4 Waveguides

Waveguides are fundamental components in modern optical devices, serving as structures
that confine and direct light along a desired path. They operate on the principle of total

internal reflection, where light is guided within a high-refractive-index core surrounded
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by a lower-refractive-index cladding [50]. This confinement allows efficient transmission
of optical signals over extended distances with minimal loss, forming the basis of tech-
nologies such as optical communication, integrated photonics, and laser-based sensing
systems. Therefore, it is important to develop an understanding of waveguide structures
and their underlying operating principles to enable their effective design, optimisation,

and characterisation for specific applications.

2.4.1 Waveguide structure

The simplest waveguide is a structure where a higher refractive index material (ng) is
surrounded by a lower refractive index material (n;) such as the one shown in Fig. 2.7.
The higher refractive index region is referred to as the core and the surrounding region
the cladding. Since FLDW induces a positive refractive index change as explained in
section 2.2.1, this effectively creates a waveguide structure in the glass sample. This was

first demonstrated by Davis et al. in 1996 [9].

Evanescent field

Q Cladding (n,)

Core(n,)

Cladding (n4)

Figure 2.7: Schematic of a waveguide structure with n1 < no. Blue arrow indicates input light
and the direction of propagation. Blue curve represents the electric field amplitude of a guided
mode inside the waveguide. Red ellipse identifies the evanescent field which is the part of the
guided mode that extends out of the core and decays exponentially.
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When the waveguide dimensions are much larger than the wavelength, light is guided
through the structure through total internal reflection as long as the incident angle at
each reflection is larger than the critical angle 6 = arcsin(n; /ng). However, this model is
no longer accurate when the dimensions are comparable with the wavelength, which is the
case of our fabrications since the structures are of the size of a few microns. We therefore
need to solve for the field distribution using Maxwell equations. By solving Maxwell
equations at the boundaries of a waveguide, it is a well-known result that standing waves
known as modes will be formed in the waveguide and there is an exponentially decaying
field just outside the core, also known as the evanescent field. When two waveguides
are in close proximity such that the evanescent field of one waveguide overlaps with
the core of the other, evanescent coupling occurs where the energy propagating in the
first waveguide will be coupled into the second waveguide. This is the principle behind

waveguide interactions in directional couplers and more sophisticated structures [51].

2.4.2 Single mode waveguides

The number of modes that are permitted in a waveguide is dependent on several parame-
ters, including the size, refractive index contrast between the core and cladding, and the
wavelength of light being transmitted. A useful parameter that captures those information

is the V-number which is defined as

2ma
V= % ngov“e - nglad (215)

for circular waveguides, where a is the radius, A is the wavelength, and n.ore and 144

the core and cladding refractive indices respectively.

When V is less than 2.405, the waveguide is in single mode operation, which is often
desired to avoid mode dispersion [52]. This refers to the phenomenon where different
modes have different propagating speeds and leads to the spreading out of optical signals

over long distances causing the signal quality to degrade.
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The fundamental mode in a circular waveguide is neither purely transverse electric
(TE) nor transverse magnetic (M), but a hybrid mode known as the HE mode. To be
precise, there are actually two degenerate HE modes with orthogonal polarisation. An
exact description of the mode is complicated, but the physical model can be simplified

by assuming the weakly guiding approximation holds [S3].

The weakly guiding approximation is valid when the profile height parameter A

2
A:l{l—w} (2.16)

2
2 Neore

defined as

is much less than one.

Physically, this suggests the refractive index of the core of the waveguide is only
slightly higher than that of the cladding. In this case, the modes can be approximated
by transverse electromagnetic (TEM) modes, where the polarisation is almost completely
transverse to the propagation direction along a single direction. By identifying a pair
of principal axes and denoting the direction of propagation by z, the two fundamental
modes can then be considered as purely z-polarised and y-polarised respectively. For this
reason, in a weakly guiding waveguide the fundamental modes are also known as linearly

polarised (LP) modes.

2.4.3 Waveguide characterisation

The mode profile refers to the spatial distribution of the electromagnetic field of a specific
mode of propagation within the waveguide. It depends on the structure of the waveguide,
such as the size of the core and refractive index distribution. In most cases, the exact
mode profile can only be calculated by numerical methods from solving the wave equation.
However, the mode profile is exactly a Gaussian when the waveguide has an infinite
parabolic refractive index distribution profile. When the weakly guiding approximation is
valid, the fundamental mode-field distribution of an arbitrary profile can be approximated

by some Gaussian function to the first order [S4]. This approximation has the advantage
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that the physical behaviour of a fabricated waveguide is obvious from just calculating the

dimensions of the fitted Gaussian.

The most straightforward characterisation of a waveguide is its dimensions in the x-
and y- direction transverse to the waveguide length (z-direction is taken to be the direc-
tion of waveguide along which light propagates). For ideal single mode operation, the
waveguide core cannot exceed a certain size, since the V-number is directly proportional
to the radius. Differences in x- and y- dimensions also lead to shape birefringence [55].
In an ideal circular waveguide, the two linearly polarised fundamental mode should be
degenerate and propagate at the same speed. However, once shape birefringence is in-
troduced, this will lead to polarisation effects such as the length-dependent polarisation
modulation during propagation in a waveguide as a result of different propagation ve-
locities of the fundamental x- and y- modes. The laser focus of the fabrication beam is
naturally elongated in the transverse direction, which causes the fabricated waveguide to
be stretched vertically. Various methods have been proposed to correct for this shape bire-
fringence, such as using a cylindrical lens to create an elliptical focus through astigmatic
beam shaping [56], or utilising alternative advanced beam-shaping methods to create a
circular cross-section in order to avoid shape birefringence [57]. Chapter 6 is devoted
to characterising a polarisation phenomenon that arises as a result of asymmetry in the

geometry.

The coupling efficiency can be estimated via an overlap integral calculation between
the waveguide mode and the incoming fibre mode. The intensity and phase profiles
should match to achieve maximal coupling between a single mode optical fibre and the
fabricated waveguide. The overlap integral 7 is given by the following expression where
the integrals are integrating over the coupling cross-section area:

B | | E{E;dAP?
[ 1Ei|dA? [ |Ep|dA?

n (2.17)

where F is the complex electric field of the fibre mode in the transverse plane, and Ej
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is the supported complex mode profile in the fabricated waveguide [S8]. If the phase
information is not available and only the modulus of the fields are known, Eq. 2.17 gives

an upper bound on the coupling efficiency instead.

Waveguide losses arise from several mechanisms that reduce the transmitted optical
power along the propagation length. The intrinsic losses are due to material absorption
and scattering from microscopic inhomogeneities within the substrate, which are often
determined by the choice and purity of the material. Bending losses become significant
when the waveguide path deviates from a straight line, as light near the outer curvature
may exceed the critical angle for total internal reflection and leak from the core. Mode
mismatch losses can occur at coupling interfaces where the waveguide mode does not
perfectly overlap with the fibre mode or with another photonic component. Additionally,
radiation losses may arise in multimode or weakly confined structures where the refractive

index contrast is insufficient to fully guide higher-order modes.

In summary, accurate characterisation of waveguides, including their mode profiles,
dimensions, coupling behaviour, and propagation losses, is essential for optimising fabri-

cation parameters and achieving high-performance photonic devices.

2.4.4 Applications of direct laser written waveguides

Waveguides fabricated in fused silica and borosilicate glasses exhibit low propagation losses,
long-term durability and excellent thermal and mechanical stability, making them well-
suited for telecommunications, sensing, and laser delivery systems. Furthermore, FLDW
allows for the integration of complex waveguide geometries, such as splitters, directional
couplers, interferometers, and three-dimensional waveguide crossings, which are difficult
or impossible to achieve with conventional planar lithographic techniques. Owing to these
benefits, FLDW has found applications in a wide range of fields, including astronomical
photonics, optical communications, quantum photonics, optofluidics and sensing [59].
In this section, I will focus on three primary application areas: optical interconnects,

on-chip information processing, and topological photonics.
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The first application area, optical interconnects, exploits the three-dimensional fabrica-
tion flexibility of FLDW to produce low-loss and compact routing structures that bridge
fibres and photonic chips. These interconnects address key packaging challenges in inte-
grated photonics by enabling scalable and efficient fibre-to-chip coupling and multilayer

routing.

Djogo et al. reported an 84-channel fused silica interposer for high-density edge cou-
pling of multicore fibres to a silicon photonic chip, combining FLDW with chemical
etching techniques to enable scalable optical input/output architectures [60]. Similarly,
Desmet et al. demonstrated a fused silica interposer fabricated via FLDW that integrates
both waveguides and alignment V-grooves in a monolithic platform, achieving propagation
losses of 0.88 dB/cm and coupling losses of 1.24 dB [61]. This design simplifies packaging

by allowing direct and robust fibre-to-chip alignment, reducing assembly complexity.

Advances in fabrication strategies, including multiscan techniques, have further min-
imised propagation and coupling losses in laser-written interconnects. For example, recent
work reported coupling losses as low as 0.2 dB/facet and propagation losses of 0.07 dB/cm
in a 25-channel interferometer array, yielding overall insertion losses below 1 dB [62].
These results highlight the capability of FLDW to implement high-performance inter-
connect networks, where precise control of waveguide cross-section and refractive index

profiles is essential to reduce scattering and mode mismatch.

Beyond planar waveguide arrays, FLDW facilitates the creation of true three-dimensional
routing geometries that planar fabrication cannot achieve. For example, hybrid 3D optical
interconnects have been realised with low-crosstalk waveguide crossings through optimised
crossing angles in fused silica [63]. Such designs enable compact layouts with minimal

footprint, particularly advantageous for densely integrated photonic circuits.

Secondly, the technology also enables the fabrication of integrated photonic circuits
for on-chip information processing. Just as interconnects benefit from precise control

over waveguide geometry and spatial arrangement, quantum and classical photonic devices
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require complex three-dimensional architectures to manipulate light at the single-photon

level, implement multiport interference, and perform logic operations.

Marshall et al. [64] demonstrated that directional couplers fabricated using FLDW
can perform comparably to their lithographically produced counterparts. In their experi-
ments, photons generated via spontaneous parametric down-conversion (SPDC) were used
to create three-photon entangled states. The quantum behavior was verified by measuring
coincidence detection rates at the waveguide outputs as a function of the relative delay
between input photons, revealing the characteristic Hong-Ou-Mandel dip consistent with

quantum theoretical predictions.

Building on these capabilities, Spagnolo et al. [65] fabricated a three-port device
known as a tritter, in which three waveguides interact through overlapping evanescent
fields. This configuration enabled three-photon interference via the bosonic coalescence
effect, where all events with two photons exiting the same port were suppressed. By
injecting photons into separate input ports, genuine quantum interference was observed
without decomposing the process into cascaded two-mode interactions, highlighting the

versatility of FLDW for fabricating complex three-dimensional quantum circuits.

Further advancing integrated quantum photonics, Atzeni et al. [66] demonstrated
the combination of an entangled photon source and directional couplers on a single
chip. Their approach employed a balanced directional coupler to evenly split the pump
beam between two periodically poled lithium niobate waveguides, generating photon pairs
through Type-0 SPDC. Interchangeable modules allowed the recombination of photons
to prepare different entangled states, including configurations with a balanced coupler
alone or with half-wave plates at £22.5° in each arm. Verification via interference fringes
across multiple polarisation bases confirmed the prepared quantum states. This modular,
integrated approach overcomes the complexity of bulk optical setups and paves the way

for scalable, flexible on-chip quantum information processing.

Collectively, these studies demonstrate that FLDW provides a versatile platform for
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high-fidelity, three-dimensional quantum photonic devices, enabling scalable architectures

for both classical and quantum on-chip information processing.

Finally, beyond interconnects and on-chip information processing, FLDW has emerged
as a powerful tool for investigating and implementing topological photonic structures.
Drawing parallels from the propagation of light in photonic lattices under the paraxial
approximation and the Schrédinger equation, the evolution of light in a photonic lattice
is similar to the evolution of a wave function in a quantum system, a coupled waveguide
array is originally envisaged a powerful tool to study quantum phenomenon that is dif-
ficult to observe through traditional methods. Nevertheless, topological photonics has
established its own identity, exploiting robust, symmetry-protected light transport that
is immune to defects and disorder, offering potential advantages for photonic circuits in
harsh environments or at high integration densities. The three-dimensional fabrication
freedom of FLDW enables the realisation of complex lattice geometries, helical waveguides
and other topological structures that are difficult or impossible to achieve with planar fab-

rication techniques. An extensive review of the research area by Yan et al. is given in

[67].

For instance, Rechtsman et al. [68] demonstrated that arrays of helical waveguides
in fused silica, fabricated via FLDW, can emulate the physics of Floquet topological
insulators. Light injected into these waveguide lattices propagates along the edges with-
out backscattering, even in the presence of defects. These lattices exhibits topologically
protected edge modes and defect-immune transport, highlighting the potential of this

approach for robust optical routing and signal processing.

Menssen et al. [69] introduced a vortex distortion to a hexagonal lattice and observed a
mode associated with the topological defect. The experiments demonstrated a stationary
bulk zero mode. A vortex distortion was introduced at the centre of the lattice. The
mode was excited using beams that were individually phase and amplitude tuned . They

observed that the light in zero mode was tightly confined to the centre as predicted from
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theory. Adaptive optics was utilised in this example to correct for the depth-dependent
aberrations and ensure all the waveguides fabricated at different depths were uniform. The
laser written waveguides were near-identical over a 400 im depth. They also demonstrated
the adiabatic translation of the zero mode and that the zero mode was topologically
protected against random errors of the lattice, which was deliberately introduced as errors

in waveguide position.

The idea was also applied to quantum photonics, and there is rapid development in the
new research field known as quantum topological photonics. Tambasco et al. proposed
a quantum topological interferometer and beam splitter fabricated by FLDW, demon-
strating quantum interference of topological states of light by bringing boundary states
into close proximity and interfere [70]. More recently, Ehrhardt et al. for the first time
demonstrated topological Hong-Ou-Mandel interference equipped with intrinsic topolog-
ical protection against imperfections. By tailoring the birefringence of the waveguides
within the coupler, they demonstrated that the coincidences of indistinguishable photons
are fully suppressed regardless of the length of the directional coupler, showing that the

topological properties are propagation-invariant [71].

In summary, by providing access to fully three-dimensional architectures, precise
control over refractive index modification and integration with conventional photonic
components, FLDW is uniquely positioned to advance the field of topological photonics.
These developments hold promise for next-generation photonic circuits that leverage
topological protection for low-loss, high-density, and defect-tolerant optical information

processing.

2.5 Conclusion

This chapter covers the background for fabricating optical devices using femtosecond
ultra-short pulse lasers for FLDW. Laser writing has emerged as a highly versatile and
powerful technology for material modification, offering unique advantages over conven-

tional fabrication methods. Its ability to deliver tightly focused energy with femtosecond
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to picosecond precision enables localised processing across a wide range of materials. The
technology benefits from its high degree of tunability, where control over parameters such
as wavelength, pulse energy, repetition rate and beam shaping allows the process to be tai-
lored to specific material responses. Furthermore, recent advances in adaptive optics and
high-power ultrafast laser sources continue to expand the scope of laser writing, enabling
higher throughput, improved resolution, and greater flexibility in structuring complex

geometries.

Opverall, laser writing represents not only a mature research tool for exploring light-
matter interactions but also a transformative platform for industrial-scale manufacturing.
Its capability to combine precision, scalability and versatility positions it as a cornerstone
technology in fields ranging from integrated photonics and quantum technologies to
integration with biomedical engineering and microelectronics. As laser sources, optical
components and computational control continue to advance, laser writing is expected to
play an increasingly central role in next-generation fabrication, bridging the gap between

laboratory-scale demonstrations and practical applications.

The work in subsequent chapters in this thesis contributes to this area by investi-
gating new fabrication methods and characterising device behaviour. This includes the
exploration of alternative writing strategies, the use of beam control techniques to refine
the modification process, and systematic evaluation of optical properties such as propaga-
tion loss, mode structure, and polarisation dependence. Through this combined improved
approaches of fabrication and characterisation, the thesis provides a detailed study of the
factors governing device quality and functionality, offering practical insights for the de-

velopment of laser-written photonic components.

30



CHAPTER 3

Experimental methods

This chapter describes the optical systems used for fabrication and characterisation of

waveguides, and experimental methods used throughout this thesis.

3.1 Waveguide fabrication

A femtosecond laser writing system was employed for the experiments described in this
thesis. This section first introduces the system components and then explains how it is
calibrated and aligned. The following subsections then describe the fabrication procedure

which can be roughly divided into pre-processing, fabrication, and post-processing steps.

3.1.1 Fabrication setup

The laser used in waveguide writing was Light Conversion PHAROS SP-06-1000-pp. The
PHAROS laser system was a high-repetition-rate femtosecond laser based on the chirped
pulse amplification (CPA) technique, which employed Yb:KGW as the active medium. A
schematic of the system and its auxiliary components is shown in Fig. 3.1. The main
laser compartment (green dashed box) contains the Oscillator (OSC), Regenerative Am-
plifier (RA), Stretcher-Compressor (S-C), and Pulse Picker (PP). The oscillator generates
seed pulses at a high repetition rate, which are temporally stretched in the S-C unit to
reduce peak intensity before being amplified in the RA. The amplified pulses are then
recompressed to their original femtosecond duration within the same S-C unit. The Pulse
Picker, based on an electro-optic modulator, selects individual pulses from the oscillator

pulse train, thereby controlling output repetition rate of the emitted beam.
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Peripheral subsystems provided essential operational support. The Power Supply Unit
(PS) delivered electrical current to the laser diodes that pump the active medium and
power other electronic components. The chiller circulated coolant to maintain thermal
stability, while the Timing Electronics Module (TEM) automatically synchronised the

operation of all active components, including the oscillator, amplifier, and pulse picker.

TEM —{ ra | @
Chiller —  sc |

Power OSC output
Supply

gl

Figure 3.1: Schematic diagram of the PHAROS femtosecond laser system and auxiliary com-
ponents. The main laser compartment (green dashed box) contains the Oscillator (OSC), Re-
generative Amplifier (RA), Stretcher—-Compressor (S-C), and Pulse Picker (PP). The Timing
Electronics Module (TEM), Chiller, and Power Supply provide synchronisation, cooling, and
electrical power respectively. Blue lines indicate electrical power connections, orange lines in-
dicate timing synchronisation connections, and purple arrows represent the optical beam path.
Adapted from [72].

The PHAROS had a pulse duration of t = 168 fs and a maximum average power of
up to 6 W. The fundamental wavelength is at 1030 nm, and the second harmonic which
was frequency-doubled to 515 nm was used for fabrication. The shorter wavelength
created smaller fabrication feature sizes which enabled better mode matching with fibre
for optimal coupling. The repetition frequency was set to 1 MHz in this work for
fabrication in the heat accumulation regime. A combination of a motorised rotating half-
wave plate and a polarisation beam splitter was used to adjust the average laser power which
selectively filtered out a proportion of the incoming beam depending on the waveplate
rotation angle. The pulse picker installed in the laser was an electrically controlled optical

switch, which extracts pulses from a pulse train and controls the output of the laser.
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Fig. 3.2 shows a photo of the system and Fig. 3.3 is a simplified schematic. Lenses
L1 and L2 expanded the beam onto a liquid-crystal on silicon spatial light modulator
(SLM) (Hamamatsu Photonics X10468-09(X)) to correct for aberrations. Since the SLM
operated in reflection, mirrors M2 and M3 ensured that the angle of incidence was small
for optimal performance. L3 and L4 formed a 4-f system which imaged the SLM onto
the pupil plane of the objective (0.5 NA; 20x; Zeiss Plan Neofluar), which then focused

the laser into the specimen placed on the sample stage.

Figure 3.2: Photo of fabrication system. The laser was located at the bottom left of the photo.
M: Mirror; L: Lens; SLM: Spatial Light Modulator; DC: Dichroic Mirror; Obj PP labels the
pupil plane of the objective. The CCD camera for imaging the sample was located at the top
right.
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Figure 3.3: Simplified schematic of the fabrication system. L1 and L2 expanded the beam
onto the SLM; L3 and L4 formed a 4-f imaging system that preserved the modulated wavefront
delivered to the sample. The reflection from the sample passed through the Dichroic Mirror
(DC) and was captured by the CCD camera.

The three-axis air bearing translation stage (AerotechABL10100L, xy-motion; ANT95-
3-V, z-motion) was controlled with Aerotech G-code. The stage was back-illuminated by
ared LED which allowed imaging of the sample with a CCD camera (Baumer VLU-12M)
with the aid of a Dichroic mirror (Thorlabs DMLPS50). The focal plane of the camera
was adjusted such that it coincided with the laser focus to allow for easier alignment and
observation of the fabrication process. A motorised rotating half-wave plate was placed
at the output of the laser to control the energy delivered to the sample. These were
all connected to an external an external desktop computer and controlled by computer
software. The SLM was controlled by a LabView program, and the laser, Aerotech stage,

CCD camera and waveplate were controlled by dedicated software packages that came
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with the products.

3.1.2 System alignment and calibration

It was important to calibrate the system at regular intervals, as the alignment of compo-
nents could gradually drift over a few weeks or months, due to environmental changes
such as temperature changes or mechanical vibration. The critical part in the system was
the alignment of the 4-f system and ensuring the pattern displayed on the SLM filled the

back focal plane of the objective.

To achieve this, LS was adjusted such that the image plane of the camera coincided
with the back focal plane of the objective by observing when the sharp edge of the
objective aperture comes into focus. Once the sharp edge was imaged, L4 was adjusted
to bring the SLM pattern into focus. Typically, a simple pattern such as a Zernike mode
Z5 is displayed which was a simple cross-shape to identify the centre of the pattern. The
SLM pattern was then centred on the back focal plane by a combination of adjusting
the physical position of the objective using the X/Y positioners of the objective holder,
and software which controlled the offset on the SLM display. The size of the pattern can
then be adjusted until it completely fills the objective aperture. After completing these
steps, LS was then reset to the original position where it coincided with the objective

focal plane instead to image the sample.

The laser power was another parameter that could change over time. To calibrate
for the laser power, the objective was removed, and a power meter was placed on the
stage which was equivalent to measuring the power at the back focal plane objective.
By changing the angle of the half-wave plate for power control, the correspondence
between the waveplate angle and power was recorded. Unless otherwise specified, the
value of fabrication power mentioned throughout the thesis were determined from this

measurement.

To find out and calibrate the optimal parameters for waveguide fabrication, at regular

time intervals (e.g. once every month) multiple straight waveguides were fabricated while
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varying the fabrication parameters for each and inspected for the mode profile on the
characterisation setup. Optimisation of fabrication was necessary since the material mod-
ification process was highly sensitive to fabrication parameters, which greatly impacted
the guiding performance of waveguides. In Eagle glass, the optimal fabricating parameters
were found to be an average power of F,,, = 110 mW after the objective, and fabrication
speed of 6 mm/s with the appropriate aberration correction applied. In fused silica, the

optical average power was around 50 mW and optimal writing speed at 4 mm/s.

3.1.3 Sample Preparation

The glasses used in the experiments were either Corning Eagle glass or UV-grade Quartz,
commonly referred to as fused silica. The Eagle glass samples were available as 20 x40 mm
substrates, and fused silica samples were available as 10x20 mm. To facilitate post-
processing and accommodate for the size of the sample holders, the samples were usually

cut into smaller pieces with length <20 mm using a mechanical rotating blade glass cutter.

Before mounting the sample, the surface was thoroughly cleaned with acetone or
isopropyl alcohol to remove any debris or stains which could potentially obstruct light

and distort the laser focus.

3.1.4 Fabrication Procedure

After the sample was mounted, it was usually useful to identify a corner as a reference
point for the coordinates and positions of fabricated structures. The tilt of the sample
could be inferred from the position feedback from the stage, which was then corrected

accordingly during fabrication.

The shape of the fabrication beam was calibrated by observing the reflection of
the focus cross-section on the sample surface, and any phase aberrations were corrected
by adjusting the coefficients of Zernike modes displayed on the SLM using LabView
software. After obtaining the desired focus, the stage was translated to the starting

position for waveguide writing. The depth of fabrication was also inputted into the
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software which automatically calculated the corresponding depth-dependent aberration

to ensure consistent fabrication at different depths.

A Thorlabs waveplate controller was used to control the rotation of a half-wave
plate which effectively acted as a power controller. A polarising beam-splitter was placed
after the rotation mount, which separated the incoming beam into vertical and horizontal
components, and only the vertical component passed straight through. The splitted beam
is monitored by a power meter which allowed checking whether the power was set to the

correct value.

Aerotech Basic script was used to control the stage movement in the Aerotech Con-
troller. The stage movement was either generated using MATLAB code or typed in
manually. The script could be synchronised with the laser pulse-picker which controlled
when the laser output turned on and off, and a high degree of control over the fabrication

could therefore be obtained by a combination of stage movement and power switching.

Depending on the experimental design, multiple scripts might be required and the

fabrication parameters such as the laser writing power might require adjustment.

3.1.5 DPost-processing

After the fabrication was completed, both ends of the sample was polished using a pol-
ishing machine (Krelltech FLex Waveguide Polisher) since there were aberrations at the
edges of the sample which degraded the quality of waveguide at both ends (see Chapter 4).
Polishing pads of 30 um, 9 um, 3 um and 1 wm were used consecutively for around 5-10
minutes each to ensure best results. The end facets of the sample were then checked on
the waveguide characterisation setup under LED illumination to determine whether the
surfaces were of good quality and ready to be characterised, otherwise further polishing

might be required.
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3.2 Waveguide characterisation
3.2.1 Waveguide measurement setup

To characterise and measure the performance of the fabricated devices, a testing rig was
used to couple light from fibre into the waveguides. A fibre-coupled laser source (Thorlabs
S1FC780PM) was used for the characterisation purpose. The laser was coupled to a single
mode fibre (Thorlabs PM630-HP (PANDA)) and the light emitted had a wavelength of
785 nm and a maximum output power of up to 6.25 mW. The other end of the fibre was
mounted onto a fibre chuck (Thorlabs HFR001) on a 6-axis stage (Thorlabs MAX600/M
Series) for coupling into the waveguide sample. The waveguide sample was mounted onto
a 3-axis translation stage (Newport M-562-XYZ-LH). The other end of the waveguides
was imaged onto a CCD camera (Baumer TXD-14) using an objective (Olympus ULWD
MS Plan 80x/0.7SNA) and an achromatic lens (Thorlabs AC254-100-A-ML). A photo

and a simplified schematic of the setup were shown in Fig. 3.4 and Fig. 3.5 respectively.

N

Figure 3.4: Photo of the characterisation setup. The camera was connected to a desktop
computer to capture images and adjust camera settings.
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Figure 3.5: Simplified schematic of the characterisation setup.

3.2.2 Characterisation Procedure

To perform a characterisation routine, the waveguide sample was first cleaned and mounted
on a 3-axis stage. The sample was then brought into focus of the imaging arm by trans-
lating along the optical axis with the assistance of LED illumination while also ensuring
the end facet was of good quality and free from any debris which might scatter or block

light.

The LED was then swapped for a fibre holder mounted on a 6-axis stage. The
fibre was first brought as close as possible to the sample manually, then using translation
knobs to ensure the laser was coupled into the correct waveguide by observing the output
intensity change on the camera. Finally, the fine adjustment knobs were used to ensure

maximal coupling.

Two types of measurements were taken: images and power readings. For images it was
essential to ensure the images are not over-saturated by adjusting the camera shutter speed,
and using the built-in capture function from the camera software. For power readings,
a power meter was inserted in place of the camera, where the power meter should first
be zeroed with the laser turn off. Since the fibre was extended from the fibre holder, air

disturbances could cause fluctuation in the reading, so it was preferable to wait for the
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reading to first stabilise and take a time-average of the data.

3.2.3 Data processing

After obtaining the images of the waveguide modes, the images were processed in MAT-
LAB. Since the waveguide modes were approximately Gaussian, the centres of each waveg-
uide mode were identified as the maximum value. A Gaussian profile was then fitted to
the waveguide modes, and the dimensions and symmetry of the waveguide modes were
then obtained from the Gaussian fit. If the data were in the form of power measurements,

they were also inputted into MATLAB for post-processing and data visualisation.

3.2.4 High dynamic range measurement

On the current characterisation setup, we only had access to an 8-bit CCD camera, which
did not have a high enough fidelity when High Dynamic Range (HDR) measurement
was required. This was particularly important for measurements where crosstalk was
a major concern, such as in quantum applications. Crosstalk was caused by coupling
between waveguides and must be kept to a minimum to enable applications such as
precise individual qubit addressing. Any unwanted noise from other waveguides in the
system might completely destroy encoded information in the photons, therefore a method
to characterise waveguides with high dynamic range was necessary to measure and quantify

this undesirable effect.

To tackle this problem, a protocol using Neutral Density (ND) filters was devised
to implement a HDR measurement on the characterisation setup using the same camera.
Since ND filters did not have a flat frequency response, it was crucial to calibrate the ND
filters at the operating wavelength in order to obtain accurate ratings of the filters. This
was done by replacing the CCD camera with a power meter at the image plane of the
system and measuring the power reading through each ND filter while keeping the input

power from the laser source constant. From the measurements, the optical density (OD)
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of each ND filter was then given by:

P
OD = —logF (3.1)
0

where P was the power after the filter and P, was the incident power.

After calibrating the ND filters, the procedure for performing high dynamic range

measurement was as follows:
1. Couple the fibre to waveguide input as usual, and place ND filters in position.

2. Turn up the input power such that the centre of waveguide output is saturated for

all images taken through ND filters except the last one (with highest OD).
3. Save the images and run them through the MATLAB code.

Fig. 3.6 shows an example of a series of images /. By passing these images through

the algorithm, an HDR measurement was obtained.

OD =0.27 OD =0.53 OD =0.83
OD=0.9 OD =1.43 OoD=1.9 OD =2.82

Figure 3.6: Images taken with successive ND filters. Top left image is taken without a ND
filter, and bottom right image with the highest optical density.

The most attenuated image was set to have a peak intensity below saturation (255
for 8-bit image). The other images had different degrees of saturation. We refer to the

sequence of images as In(x,y) for n=0 to N and the attenuation of each of the ND
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filters as R, for n=1 to N, so that for a non-saturated pixel, we should have Iy (z1,y1) =
RyIo(z1,91). The images were then put through a MATLAB script which performed

the following routine:
1. We start with the last (most saturated) image Iy(z,y).
2. Create a temporary image 7'(z,y) of the same size and set all pixels to equal
In(z,y).

3. Take the next image Iy41(x,y). For all saturated pixels in T'(z,y), replace the
pixel with the corresponding pixel value from Iy (x,y) multiplied by Ry41/Rnw.

Note that some of these replaced pixels will also be saturated.

4. Continue through all images: For all saturated pixels in T'(z, y), replace the pixel

with the corresponding pixel value from the next image as In11(z,y)Ry11/Ry
5. The output is then equal to T'(x, y).

Fig. 3.7(a) plots the pixel values of a row passing through the centre of the waveguide
output for the most saturated image Is(z,y). Fig. 3.7(b) plots the same row of the
combined image T'(z,y) for comparison, and Fig. 3.7(c) plots the log-scaled combined
image for better visualisation of the results. Fig. 3.8 shows a 3D plot of the log-scaled

total combined image.
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Figure 3.7: (a) Raw pixel values of a saturated image. (b) Relative intensity obtained after
processing HDR measurement data. (c) Log-scale plot of relative intensity obtained from

HDR measurement.

w B [4)]

relative intensity (log scale)
N

Figure 3.8: 3D plot of relative intensity obtained from HDR measurement on log scale.
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The range of the HDR measurement depends on the maximum OD of the filters.

With an OD of 3, the theoretical minimum power that can be measured is 107.

In summary, this chapter has detailed the experimental setups for the fabrication and
characterisation of femtosecond-laser-written waveguides. The integrated PHAROS laser
system provided a stable and tuneable source of ultrashort pulses for high-precision mate-
rial modification, while adaptive optics ensured accurate aberration correction and beam
shaping. The alignment and calibration routines maintained fabrication consistency over
extended experimental periods. Waveguide performance was subsequently characterised us-
ing a dedicated optical testing rig, supported by custom data processing and high dynamic
range imaging techniques to enable precise quantitative analysis. Together, these meth-
ods established a robust experimental platform for investigating and optimising FLDW
waveguide structures, providing the foundation for the results presented in the following

chapters.
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CHAPTER 4

Correcting for edge aberrations

4.1 Introduction

This chapter investigates a new method that can maintain comparable performance to
polished waveguides without the need of polishing. FLDW excels at creating waveg-
uides for integrated photonic applications. A major scenario would be to create optical
interconnects that connect different parts of an integrated photonic circuit, where the
different components including sources, processors, or detectors may all have different
configurations, where laser-written waveguides with the appropriate geometry can serve
as connectors. The laser-written devices themselves may also perform data computing
routines as shown by various examples in Chapter 2. Regardless of the application, the

ability of laser-written samples to interface with other devices is very important [73].

In the usual fabrication routine, the edge of the sample is polished back to expose the
waveguides before aligning with other devices to ensure the full waveguide structure is ex-
posed for external coupling. This hinders the possibilities of creating efficient laser-written
devices and is a major obstacle to scaling up laser-writing in pre-assembled configurations.
Mechanical polishing is also a source of error since incomplete polishing or a tilted facet
affects the final quality of the sample, and there is also the possibility of damaging the
facet which incurs more time resources to repolish or may even require the sample to be

remade.

If there is a way to eliminate the need for the polishing step, this could open many new
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avenues for integration with other optical devices, at the same time reducing the need for
polishing which requires substantial processing time and effort. It also removes the need
for active alignment between the fabricated sample and other components, which is yet
another time-consuming and error-prone step. Fig. 4.1 shows a schematic showing how in-
situ writing may look like if the new technique described in this chapter is applied, where
the glass sample block to be fabricated is first mounted between two other components,
after which the waveguides are written. The correct positioning of fabrication can be
accurately determined by imaging techniques from the surface of the sample, thus avoiding
the need for active alignment. This is in contrast to the standard approach, where the

waveguides are written first and then the sample is aligned with other components.

Figure 4.1: Schematic of in-situ fabrication of waveguides where the glass block is sandwiched
between other components.

This chapter is structured as follows. The mechanism of edge aberrations will first be
explained, and the proposed method for overcoming these challenges will be introduced.
The experimental result will then be presented and followed by detailed discussion. Finally,
a summary of results will be given, and potential applications and follow-up work will

be discussed in section 4.5 “Conclusion and outlook for future work”.
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4.2 Edge aberrations

Edge aberrations occur when the focusing cone of the laser extends beyond the sample
edge such that a portion of the light rays passes through the side of the sample. Fig. 4.2
(a) shows a simplified schematic of how the focusing cone extends beyond the edge and a
portion of it is incident on the side of the sample. This leads to a focal splitting as shown
by the ray diagram in Fig. 4.2 (b), thus effectively decreasing the energy delivered to the
focus and impairing the quality of fabrication. The polishing step essentially polishes
away this section of the sample where the edge aberrations occur, but this is a wasteful,

error-prone and time-consuming step as explained earlier.

(a) (b)

Z ? N

surface \

Secondary

y

sample

surface \

edge

Figure 4.2: (a) Schematic showing the focusing cone of the fabrication laser beam intersecting
with the sample edge. (b) Ray diagram showing focal splitting that occurs at sample edge.

An analytic expression for the phase aberration of the portion of the beam passing
through the side facet is given as follows (the portion which is still incident on the top

surface has the same phase aberration as earlier expressions given in Chapter 2) [74]:

2

U(p,0) = L m <\/Z—j + p?sina? cos?f — 1 — psin cos@) (4.1)

where ¢ is the distance from the centre of the focusing cone on the sample surface to

the sample edge, n; and ny are the refractive indices of the surrounding medium and
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sample respectively, and «; is the maximum angle of the focusing cone that relates to the

numerical aperture of the objective lens N A which is given by NA = n; sin ;.

It has been proposed that the edge aberration can be fully corrected by displaying
the corresponding phase pattern for different gaps g from the sample edge at different
depths d as the writing approaches the sample edge [74]. However, this method is limited
by the refresh rate of the spatial light modulator (SLM) which is typically of the order
of ~100 Hz, meaning that the translation speed has to be on the order of a few pm/s
for the phase correction to be appropriately applied. This is impractical for industrial

applications and hinders the possibility for scaling up to more complex device designs.

The effect of edge aberrations on the focal intensity can be quantitatively evaluated by
calculating the normalised focal intensity (//I) as a function of the normalised distance
from the sample edge (¢g/d). The simulation results are shown in Fig. 4.3. As the
focus approaches the sample edge (g/d — 0), the focal intensity decreases due to partial
truncation of the focusing cone by the sample boundary, which causes a portion of the
incident beam to refract or scatter out of the focal region. This effect is more pronounced
for higher numerical apertures, where the focusing cone subtends a larger angle and a
greater fraction of rays interact with the edge. As g/d increases, the entire focusing cone
is eventually contained within the sample, and the normalised intensity approaches unity,
corresponding to the undistorted focal condition. The inset shows an example plot of
the objective lens pupil plane, where the yellow region represents the portion of the beam
contribute rays that are incident on the top surface of the sample and included in the

focal intensity calculation.

48



| |
| i
09 r | !
| |
I | I
o |
> ! ! NA=0.5 |
@ g7 ! | g/d=0.25 |
2 l : I
= I | I
306 o |
W) | I |
E I | I
| I |
5 0 - |
Z ™ N~ o
¥ 0 i

o o —

0.4 I I I

S5 S NA = 0.4 g

0.3 ® ® NA=0.5 ®

E— 8 NA=0.8 8

T o o

0.2 | 1 1 1 | 1 ]
0 0.2 04 0.6 0.8 1 1.2 1.4

g/d

Figure 4.3: Simulated focal intensity as a function of the normalised distance from the sample
edge (g/d) for different numerical apertures (NAs). The normalised focal intensity (I/lp)
decreases as the laser focus approaches the sample edge due to partial truncation of the focusing
cone by the sample boundary at different NA. The dashed lines indicate where the intensities
start dropping off, meaning the cone begins to intersect with the edge and edge aberrations take
effect. Higher-NA systems exhibit stronger sensitivity to edge proximity, with a more gradual
recovery of focal intensity as g/d increases. The inset shows an example plot of the objective
lens pupil plane at NA = 0.5 and g/d = 0.25, where the yellow region indicates the portion of
the beam contributing rays incident on the top surface of the sample and included in the focal
intensity calculation.

4.3 Method for writing up to the sample edge

As discussed above, correcting exactly for the phase aberrations is impractical, and ideally
a new scheme should not affect the fabrication speed by a significant amount and should
be easy to implement while achieving a comparable result. To resolve this issue, a new

method is proposed which will be explored in the following subsections.
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4.3.1 Half pupil method

To begin with, we start with the simple idea that we investigate what happens when
we block out half of the pupil at the fabrication objective pupil. This means there is
only half of the fabrication beam going through the objective, which guarantees that the
focusing cone of the laser stays within the boundaries on top of the sample surface up
to the sample edge and avoids any possible edge aberrations. This will be referred to as

the “half mask” or “half pupil” method throughout the rest of this chapter.

Fig. 4.4 shows the simulation of the laser focus calculated using the point spread
function using the scalar diffraction integral of the pupil, similar to that described in
Chapter 2 in relation the 4-f system [75]. The top row shows that there was a slight tilt
of the focus, but the longitudinal dimension remains roughly the same. With the partial
pupil amplitude blocked, the focus tilted in the direction normal to the substrate edge.
The lower row shows that the focus was stretched in the x-direction, which was expected
since blocking half of the pupil effectively reduces the NA of the objective by a factor of

two.

This behaviour can be understood by noting that blocking half of the objective pupil
effectively reduces the NA of the focusing system by approximately a factor of two. Since
the NA determines the maximum convergence angle of the rays that form the focal spot,
reducing it decreases the lateral confinement of the focus while leaving the axial extent
largely unchanged. In other words, the range of zenith angles relative to the optical axis

of the transmitted rays remains similar, so the focal depth is not strongly affected.

However, because only half of the pupil area contributes to the focus, the total optical
power reaching the focal volume is reduced by a factor of two. Moreover, the intensity,
which depends on both the power and the area over which it is distributed, is therefore
further reduced. The lateral broadening of the focal spot (approximately twice as wide)
spreads the available energy over a larger area, leading to an overall reduction in peak

intensity by roughly a factor of four. To maintain the same energy density or fluence at
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the focus as in the full-pupil case, the total incident power must thus be increased by
approximately fourfold. This requirement is still practical, as the laser powers used for

FLDW are typically on the lower end of the full power range of femtosecond lasers.

Half pupil Full pupil Half pupil

Intensity
1

Figure 4.4: Simulation of laser focus when respective amplitude masks are applied. Upper row:
x-z view from the side of the sample showing how the focus is tilted when half mask is applied.
Lower row: x-y view that shows the top-down view of the cross section of the laser focus inside
the glass sample.

In the actual fabrication system, the amplitude mask was applied via spatial filtering.
The top row of Fig. 4.5 shows the corresponding phase pattern displayed on the actual
SLM (without additional systematic and depth-dependent corrections for clarity). The
grating like pattern was obtained by setting Zernike mode Z2 = 60 in order to shift the
beam to its first order. By displaying the grating on half of the SLM, the other half which
remains in the zeroth order beam was blocked by a pinhole inserted at the Fourier plane,

thus only half of the beam reached the pupil plane of the objective.
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The lower row of Fig. 4.5 shows the actual shape of the reconstructed laser focus.
We observed the reflection of the laser focus on the sample surface, and by translating
the sample in the z-direction longitudinally parallel to the beam direction, we effectively
obtained cross-sections of the laser focus in the x-y plane. By stitching together the
cross-sections of the laser focus, we could then reconstruct the shape of the laser focus.
The tilt matched the simulated focus in Fig. 4.4, which suggests that the modelled focus
and experimentally created focus agree with one another. Note that the relative intensity
was not depicted accurately in order to avoid camera saturation since the energy is more

concentrated for the full pupil case.

Half pupil Full pupil Half pupil

Figure 4.5: Experimental images of the respective amplitude masks and focus. Upper row:
amplitude mask displayed on the SLM. Lower row: x-z images of the focus obtained by stitching
together the cross-sections of laser reflection from the sample surface. Laser power has not been
modified between acquisition but camera exposure times are different to avoid camera saturation.

Spatial filtering is not the only method to implement the amplitude mask, and using
a physical shutter that blocks half of the beam at the objective pupil plane should achieve

the same effect in principle.
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4.3.2 Writing scheme

Given the above, we can now propose a writing scheme which is outlined in the schematic
shown in Fig. 4.6. The waveguide is first written with the femtosecond laser using the
standard fabrication method with full pupil. However, instead of writing all the way
through the sample, it terminates before the focusing cone reaches the sample edge, avoid-
ing edge aberrations. The half mask is then applied, and the laser writes the remaining

section of waveguide up to the sample edge.

(a) l I ) l I © l -

Writing direction Stop before edge aberration Switch to half mask

_—

Figure 4.6: Writing scheme of the proposed method. (a) The conventional laser writing method
with full pupil. (b) The writing terminates before edge aberration occurs. (c) An amplitude
mask is applied and the half pupil method is used to fabricate the waveguide segment up to the
sample edge.

From the geometry of the setup, a good estimation for the distance to the sample edge
g is given by the relation NA = nsina; and tana; = %, where the outermost rays of the
light cone just tangentially intersects the edge, and d is the nominal depth for fabrication
(see Fig. 4.2). The objective used is a 0.5 NA objective lens and the maximal depth
investigated is 750 wm actual depth corresponding to approximately 500 um nominal

depth, and n =~ 1.5, solving for g we obtain g ~ 177 um.

The full writing scheme is therefore as follows: the waveguide is first written by the
femtosecond laser using the standard method with the full pupil until 200 pm from the

sample edge. The half mask is then applied, and the laser writes the remaining section
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from 200 wm to 10 um from the edge, where the laser power cuts off in order to avoid

damage to the end facet caused by surface ablation.

4.3.3 Preparation of sample and fabrication implementation details

This subsection covers some implementation specifics for sample preparation and fabrica-
tion process. These are easily overlooked steps yet they may have a significant impact on

the quality of fabrication and measurement.

Firstly, to write up to the edge of the sample, it is crucial that the sample surface is
well formed and does not have any pre-existing damage. Fig. 4.7 (a) shows that the surface
of a glass sample can be damaged if it is mechanically polished. The damaged parts on
the surface will create aberrations for fabrication near the edge that usually go unnoticed
since they are polished off anyway, but in this particular application it is a huge source of
error. Compared to Fig. 4.7 (b) where the edge of a sample is obtained directly from the
manufacturer who has specialised tools for cutting, the edge is significantly more regular

which avoids the unwanted aberrations.

(b)

Figure 4.7: Images of the surface at sample edge under microscope (a) with damage from

polishing (b) without damage.
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Secondly, since the writing consists of connecting two distinct waveguide segments,
the usual LINEAR command of the AeroBasic code used to control stage movement
is independent of the pulse picker, which acts as a switch controlling whether the laser
emits light. This means that the pulse picker is first turned on, then the stage moves
until it reaches the end position, then the pulse picker is turned off. This means that
there is a short time frame which the laser was stationary at the beginning and end of
the motion where it needs to accelerate and decelerate respectively. This is shown in
Fig. 4.8 (a)(i), where the motion only starts after the pulse picker is turned on. The
result of this fabrication can be seen in Fig. 4.8 (b)(i), where a ‘blob’ of refractive index
change is observed at the transition because of the energy accumulation during the time
frame where the stage is stationary. This phenomenon introduces additional loss that is
attributed to the irregular ending of the waveguide segment which leads to scattering and
mode mismatch. To overcome this issue, the PSOWINDOW command is used instead.
This command accepts position feedback from the stage, and synchronises the pulse
picker to trigger within a specified window. This allows the stage to pick up velocity first
by starting its movement earlier, then only trigger the pulse picker when it reaches the
intended starting position. Similarly, this avoids the deceleration at the end of movement
since the pulse picker is turned off first before the stage decelerates. The relationship
between the stage movement and pulse picker is shown in Fig. 4.8 (a)(ii), and Fig. 4.8

(b)(ii) shows that the transition is smoother between the two waveguide segments
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Figure 4.8: (a) Relationship between the stage velocity and pulse picker of the laser with
time (i) without using PSOWINDOW command and (ii) using PSOWINDOW command.
(b) Corresponding microscope images of the transition region of the two waveguide segments.
(Contrast of images adjusted for visual clarity.)

Finally, as mentioned above the waveguides should stop before reaching the edge
to avoid surface damage. Fig. 4.9 shows a comparison between waveguides with surface
damage if not terminated appropriately. At the edge of the sample, in Fig. 4.9 (a) the
surface damage can be observed as structures which scatter light, whereas in Fig. 4.9 (b)

they are not observable for waveguides without surface damage.
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Figure 4.9: Images of waveguide outputs under microscope (a) with surface damage and (b)
without surface damage.

Fig. 4.10 shows an alternative pair of images of the end facets of the waveguide. The
surface damage scatters a significant portion of light and greatly decreases the coupling
efficiency. It is therefore important for this writing scheme that the waveguide terminates
just before reaching the sample edge, for which 10 um is found to be a good compromise

to both ensure the surface is not damaged and minimise coupling loss.

(b)

Figure 4.10: Images of waveguide outputs under LED illumination (a) with surface damage
(b) without surface damage.
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4.4 Experimental results

To verify how generally the proposed half pupil method applies to different materials,
fabrication is performed in both fused silica and Eagle glass and their results are compared.
The experiments can be divided into four main parts: the first part investigates how the
waveguide terminates with a physical mask on the sample surface, which gives insight
as to how edge aberrations affect the termination of waveguides and act as a model of
in-situ fabrication where other components may have been pre-mounted to the glass
sample. The second part compares the mode profiles of waveguides written with full
pupil and half pupil respectively as an indication of how well the mode matches to a
single mode fibre which acts as a standard for measuring coupling loss. The third part
attempts to calibrate the difference between the z-positions of the centres of the modes of
the waveguide segments written with full pupil and half pupil (z-offset) to ensure the two
waveguide segments are properly aligned to reduce coupling loss, and the final fourth part

measures the transmission loss of the full writing scheme combining the two segments.

If we want to fully eliminate polishing, the full writing scheme should start from
the opposite end of the sample with the other half mask applied in a symmetric manner.
However, to investigate the effects of this new writing scheme, it will only be used on
one end of the sample in our experiments, where the other end is still polished in the

conventional manner for consistency and better comparison.

4.4.1 Effect of edge aberrations on waveguide termination

To understand the effect of edge aberrations on fabricated waveguides, it would be in-
structive to observe how they terminate close to the edge. However, directly observing
the edge termination is difficult using a standard microscope, since the edge obstructs the
viewing and the imaging also suffers from the same edge aberrations. To work around
this, it is possible to artificially create an “edge” by simply attaching a piece of foil on the
surface of the glass sample. The edge of the foil effectively acts as an edge, with the added

benefit that this also models the situation of in-situ fabrication where there are other
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externally coupled components, and we want to avoid the fabrication beam extending
beyond the edge and damaging the end facet where the components connect. By writing
the waveguide over the edge of the foil, it is also possible to gain an initial understanding

of how a physical mask on the sample surface may affect fabrication.

Fig. 4.11 shows the schematic of how the experiment is set up. A piece of tin foil
is placed on top of the glass sample, so the foil edge is used to model the effect of the
edge of the glass sample. Two sets of four different waveguides are fabricated in fused
silica and Eagle glass respectively at 375 um and 750 pm depth, each including the four
cases of full pupil writing through the edge, full pupil stopping 10 pum before the edge,
half pupil writing through the edge, and half pupil stopping 10 um before the edge. The
waveguides are written in the x-direction. The dashed red line denotes the position of
the foil on the surface which acts as an indicator for the corresponding positions of the
foil in Fig. 4.12 and Fig. 4.14. The middle segment is not drawn to avoid cluttering the

figures.
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Figure 4.11: Schematic showing how the foil is placed on the glass sample relative to the written
waveguides. “Full” and “Half” refer to the pupil used, “no stop” indicates the waveguide is
written across the edge and “stop” indicates the waveguide terminates 10 um before the edge

of the foil.

Fig. 4.12 shows the results in fused silica at 375 um and 750 um fabrication depth.
The dashed red line indicates where the position of the foil edge is on the surface of the

sample.
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Figure 4.12: Experimental image of the waveguides written in fused silica. Dashed red line
indicates the position of the foil edge on the surface, and labels are same as that of Fig. 4.11.
(Contrast of images adjusted for visual clarity.)

Firstly, comparing the two waveguides written with full pupil and half pupil without
stopping, the waveguide written with full pupil tapers oft when it approaches the edge.
This is due to the edge aberrations reducing the laser fluence delivered to the laser focus,
thus weakening the material absorption effects. The effect is more apparent at the greater

depth of 750 pm.

On the other hand, the waveguide written with half pupil extends beyond the edge.
This is a result of how the fabrication beam cone focuses even when the centre of the beam
has moved beyond the foil edge on the surface. Fig. 4.13 shows a schematic illustrating
the effect. In Fig. 4.13 (a), the case where the waveguide is fabricated with full pupil
is shown. At position 1, the focusing cone does not intersect with the foil, and the
waveguide maintains its full structure. When moving to position 2 (where the centre
of the beam is right at the edge), part of the focusing cone is blocked by the foil, thus
reducing the power delivered to the focus, causing the waveguide to start tapering off. As
the focusing cone reaches position 3, some rays still reaches the focus due to refraction,
thus explaining why the waveguide extends beyond the foil edge on the surface. The

situation is slightly different for the half pupil case shown in Fig. 4.13 (b), where the
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waveguide retains its structure up to position 2 as the half-cone does not get blocked by
the foil, and only beyond this point does the tapering effect begin. This is also strong
evidence that the half pupil can write up to the sample edge avoiding edge aberrations.
This explains why the extension beyond the edge is much longer for the waveguide written

with half pupil.

(a) Full pupil
Writing direction _
position 1 " position 2 position 3
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(b) Half pupil
position 1 position 2 position 3

Figure 4.13: Schematic showing how rays forming the focusing cone extend under the foil even
when the centre of the beam has moved past the edge. (a) Fabrication with full pupil, where
the waveguide starts tapering off when the edge of the cone starts intersecting with the edge.
(b) Fabrication with half pupil, where the waveguide maintains its full structure until position
2, where the centre of the beam reaches the edge, and the tapering only happens beyond that.

Secondly, comparing the two pairs of waveguides that stop before the edge at 375 pm
and 750 um depths also illustrates this effect. At 375 um, the waveguide written with half
pupil stop right at the edge maintaining the full waveguide structure, while the waveguide
for the full pupil case tapers off. Furthermore, it can be observed that at the greater depth
of 750 wm, the waveguide written with the full pupil tapers off more significantly. Again,
this is a result of the edge aberration, which occurs earlier at greater depth hence the

tapering off is more observable.

The corresponding fabrication in Eagle glass is shown in Fig. 4.14. It is apparent
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that the width of the waveguides written with half pupil of both 375 um or 750 um
fabrication depth in Eagle glass is bigger than those for full pupil, indicating the structure
of the waveguide is larger. The increased structure size may be a result of the elongated
focus, which may create additional structures thus increasing the apparent size of the
waveguides due to the lower bandgap in Eagle glass (see Chapter 2). Eagle glass enters a
cumulative heating regime whereas fused silica does not [76]. The material modification
process is therefore different in the two substrates, resulting in different mode sizes which
is critical for this application. Moreover, Fused silica has a higher fabrication threshold,
therefore when power decreases the fabrication cuts off more abruptly whereas in Eagle

glass there is a smoother transition.

For the same reason, the waveguides in Eagle glass extend much further beyond
the edge for both the full pupil and half pupil cases compared to those fabricated in
fused silica. Since the refractive indices of fused silica and Eagle glass is quite close, this
phenomenon can only be attributed to the difference in material modification process.
An additional observation that can be made is that the tapering off for the waveguides
written with full pupil is less significant compared to the fused silica counterpart, again

due to Eagle glass being more susceptible to material modification.
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Figure 4.14: Experimental image of the waveguides written in Eagle glass. Dashed red line
indicates the position of the foil edge on the surface, and labels are same as that of Fig. 4.11.
(Contrast of images adjusted for visual clarity.)

In summary, it is possible to observe the behaviour of waveguide termination under
the influence of an edge on the surface. The fabrication extending beyond the edge
itself suggests that it is insufficient to simply place a physical mask directly on top of
the sample, and writing over the edge may cause ablation on the surface or damage

components beyond the edge (if any).

4.4.2 Mode size measurements

In this subsection, for ease of discussion, I shall use x- and y- axes of the cross-section of

a fabricated waveguide to refer to the waveguide mode profiles (discussed in chapter 2).

The waveguide mode size gives quantitative information of the properties of the
waveguides which allows the calculation of their overlap integrals with the mode of a
single mode fibre. The overlap integral is a useful indicator of the coupling loss (see
section 2.4.3). For this subsection, only the mode profiles were of interest, therefore
the waveguides were written uniformly either with the full pupil or half pupil through

the whole sample, with the opposite end cut and polished to expose the waveguides for
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coupling from fibre. A schematic of the setup is shown in Fig. 4.15. Multiple waveguides
were written at different depths with the correct depth aberration compensation applied,
where each of their transmitted modes were imaged and the imaging system was focused

on the surface of the sample end facet.

z
Conventional writing method
X (full pupil)
Objective Lens CCD

Depth of
waveguides

written in
glass

Transmitted waveguide mode

Figure 4.15: Schematic for waveguide geometry and how the modes are imaged.

Fig. 4.16 shows how the waveguides look like at the output facet under LED illumi-
nation. It is evident that the waveguides written with full pupil shown in (a) seem to
increase in size as depth increases, while those written with half pupil as shown in (b) are
relatively consistent in size. As will be discussed later, the apparent increase in size is a
combination of the main waveguide structure tapering off leading to poorer confinement
and mode expansion, together with the existence of additional secondary structures in

Eagle glass.
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(b)

Figure 4.16: Images of waveguide outputs under LED illumination fabricated in Eagle glass
at different depths. (a) Waveguides written with full pupil. (b) Waveguides written with half

pupil.

To measure the modes, an optical fibre is butt-coupled to each waveguide from the
other end of the sample as described in chapter 3. Fig. 4.17 shows example mode profiles
for waveguides written in fused silica imaged for different depths, where (a) shows the
modes of waveguides written with full pupil, and (b) shows the modes of waveguides
written with half pupil. It can be immediately observed qualitatively that the mode size
increases with increasing depth for the full pupil, and the waveguides written with half

pupil remains approximately the same size.

T5pm 300pm S0pm 200pm

(b) .

350pm

Figure 4.17: Modes of waveguides written in fused silica imaged at output facet without
polishing. (a) Waveguides written with full pupil. (b) Waveguides written with half pupil.

(a)
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Fig. 4.18 shows the processed data by fitting a Gaussian curve along the x- and y-
directions through the centre of the mode measured at the end facet and estimating
the eig mode field diameter. The results indicate that the waveguides written with half
pupil (data points represented by circles) show consistent mode size at different depths,
whereas the waveguides written with full mask (data points represented by crosses) show
mode sizes increases almost linearly with increasing depth as a result of diffraction due
to poorer confinement of the aberration-affected segment. Note that the y-direction for
mode profile is actually the z-direction of the sample when considering the whole sample
geometry. The inconsistency in nomenclature here arises from the fact that the mode
taken at a cross-section orthogonal to the waveguide direction is considered as a two-
dimensional object, hence it makes sense to use x- and y- mode profiles to describe the
modes at the waveguide end facet. On the other hand, when considering the sample
geometry, it is customary to refer to the direction of depth from surface (along the
direction of the writing beam) as the z-direction in a transverse writing geometry. It
should be clear from the context which coordinate system is being used, in particular only
in the context of modes will the y-direction of the mode profile be along the direction

of beam.
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Figure 4.18: Estimated sizes of the diffracted waveguide modes measured at the end facet in
fused silica.

The linearly increasing trend for full pupil can be explained in the following manner.
The weaker fabrication due to edge aberrations means the mode is no longer properly
confined inside the waveguide, and it spreads as it propagates from the end of the proper
waveguide before aberration takes place towards the end facet. At greater depths, the edge
aberration comes into effect earlier, which means that near the edge of the sample the
waveguides start to taper off earlier as well. This results in more mode spreading, thus

explaining the linearly increasing trend of the mode size with increasing depth.

On the contrary, the half pupil method shows that the mode field diameters of the
waveguides can be maintained at a consistent size at different depths. In particular, a
waveguide mode size comparable to that of a single mode fibre can be produced. This
suggests that the half pupil method is promising to bridge the gap between waveguides

written with full pupil and the fused silica sample edge.
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Turning now to Eagle glass, the same sets of experiments are performed. Fig. 4.19
shows the example mode profiles for waveguides written with full pupil and half pupil
respectively as in Fig. 4.17. The overall trend is still similar in that the mode sizes of
waveguides written with full pupil increases with increasing depth, and the mode sizes of
waveguides written with half pupil stay relatively consistent in size. However, the increase
in size for the waveguides written with full pupil is not as uniform compared to that of
those written in fused silica. Like the previous experiment, the aberrated focus due to
edge aberration in Eagle glass is still able to create additional structures, which interacts
with the propagation of the mode and finally leads to this distorted mode shape at the

output.

75um 300pm S0pm

(a) . . (b) .

525um 750pm 350pm

Figure 4.19: Modes of waveguides written in Eagle glass imaged at output facet without
polishing. (a) Waveguides written with full pupil. (b) Waveguides written with half pupil.

200pm

500pm

Fig. 4.20 shows the corresponding = mode field diameters of the waveguides in the
same manner as Fig. 4.18. The increase in mode size with increasing depth starts at about
225 pm in Fig. 4.20, which is later than that of waveguides fabricated in fused silica which
has close to a linear trend for all depths. This suggests that the edge aberration has less
of an effect in Eagle glass. This is likely due to the lower fabrication energy threshold in

Eagle glass such that the aberrated beam is still within the optimal fabrication window at

small depths and thus only has a substantial difference at greater depths.
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Figure 4.20: Estimated sizes of the diffracted waveguide modes measured at the end facet in
Eagle glass.

To further understand this effect, the mode profiles of waveguides fabricated with
full pupil in Eagle glass at 7S pm and 750 um under the sample surface are plotted
in Fig. 4.21. The measured data points are the optical intensities of the mode profile
obtained by taking a section along the y-direction through the centre of the mode of the
waveguides (see Chapter 2). The measured intensities are divided by the largest measured
intensity to obtain the normalised intensities. In Fig. 4.21 (a), the mode for 75 um
is more or less symmetric and regular, as indicated by the Gaussian fit matching quite
closely with the measured data. On the other hand, in Fig. 4.21 (b), at 750 pm the
mode is much more irregular, and the fitted Gaussian does not accurately represent the
measured mode shape. Along the y-mode profile the plot is not smooth and there is
a secondary lobe (centred around 25 um on the x-axis of the plot). This suggests that

secondary structures are indeed formed close to the surface of the sample due to edge
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aberrations, which may be related to the commonly observed formation of side lobes at
lower fabrication energy [77]. Fitting a simple Gaussian no longer matches the mode
well, which is the reason why the errorbar of Fig. 4.20 increases at greater depths for the
y-profile of the waveguides written with full pupil. The errorbar here is proportional to
the sum of squares difference between the best-fit Gaussian curve and the data points,
indicating that the Gaussian curve is no longer a good model at greater depths and the

mode no longer has a Gaussian profile.
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Figure 4.21: Mode intensity profile of waveguides fabricated with full pupil in Eagle glass at
(a) 75 wm (b) 750 wm under the sample surface. The horizontal dashed orange line indicates
the e% intensity, from which the mode diameter is determined. Insets are the same mode images
from Fig. 4.19 and the dashed red line indicates where the cross-section is taken.

Finally, the overlap integral between the measured waveguide modes and the mode
of a single mode fibre is calculated. The results are shown in Fig. 4.22. This shows
more clearly that transmission of the waveguides written with full pupil drops off more
or less linearly with increasing depth, indicating that edge aberrations does significantly
affect coupling losses and explains why polishing is often required in standard fabrication.
On the other hand, those written with half pupil matches is almost constant, showing
that their mode profiles match well with the single-mode fibre and can maintain 80% to
90% throughput even at greater depths. This suggests that fabricating with the half pupil
method near the sample edge significantly improves mode-matching and reduces coupling

losses.
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Figure 4.22: Estimated mode overlap losses of waveguides written in Eagle glass with respect
to a single mode fibre.

To summarise the findings above, edge aberrations lead to poorer confinement of
the waveguides written with full pupil, and the effect is more pronounced at greater
depths. On the other hand, the half pupil method retains a relatively consistent mode
across different depths in both fused silica and Eagle glass. Moreover, it was found that
edge aberrations affect the modes of fabricated waveguides differently in fused silica and
Eagle glass due to the difference in their material properties. The calculation of overlap
integrals also suggests that the half pupil method is a promising strategy to match the
fibre mode by fabricating up to the sample edge without the need to polish the sample

and also minimise coupling losses.

4.4.3 z-offset calibration

Due to the different distribution of energy at the focus of the fabrication laser beam as
confirmed in Fig. 4.5, the respective non-linear energy absorption process is expected to
differ between waveguide writing using the full pupil and the half pupil. Moreover, since

only half of the pupil is applied for phase correction, the depth-dependent aberrations
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also cannot be fully corrected since only half of the azimuthal angles are present in the
corresponding Zernike modes. As a combination of these two effects, it is observed that
there is an offset in the z-direction between the two waveguide segments, implying that
the centres of the waveguide modes are misaligned. The difference between the z-positions
of the centre of the mode of the waveguid segments written with full pupil and half pupil

will be referred to as the z-offset.

Fig. 4.23 shows a schematic how the z-offset manifests during fabrication. When
switched to the half pupil, if all other depth-related settings remain the same, there could
be a z-offset between the two segments leading to misalignment and increases the overall

loss of the combined waveguide.

z | Direction of writing

=

z offset f &

main waveguide segment edge waveguide segment
(full pupil) (half pupil)

Figure 4.23: Schematic of z-offset between the two waveguide segments written with full pupil

and half pupil.

Fig. 4.24 shows how the z-offset is characterised in experiments. Waveguides written
with full pupil and half pupil are fabricated at the same depth settings, which is then
polished back to expose the waveguides since the goal is to obtain the position of the
waveguide modes. The red dashed line indicates the z-position of the centre of the
mode written with half pupil. It is used as a reference from which the z-position of the

waveguide modes written with full pupil are determined and the z-offset is then recorded.
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(b)

Figure 4.24: Waveguide modes for calibrating z-offset at different depths below the sample
surface: (a) 75 um (b) 750 um. The three images from left to right in (a) and (b) are written
with: full pupil, half pupil and full pupil, respectively. The red dashed line indicates the z-
position of the centre of the mode written with half pupil.

Fig. 4.25 shows the z-offset as a function of fabrication depth. For this set of data,
the z-offset is about 2 pm to 3 um for shallow depths, then increases significantly from
600 pwm fabrication depth. This set of data is used as a reference for the fabrication in

section 4.4.4.

0 100 200 300 400 500 600 700 800
depth {m)

Figure 4.25: Difference between the z-positions of waveguides written with full pupil and half
pupil (z-offset) as a function of fabrication depth.
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However, it is later noticed that the waveguide modes in Fig. 4.24 may indicate there is
some issue with the fabrication. Since the sample is polished, the waveguides written with
tull pupil should exhibit similar mode shapes even at greater depths, whereas in Fig. 4.24
(b) the fabrication at 750 um clearly shows an elongated mode where the waveguiding
region is actually the lower part of the waveguide structure. This secondary side lobe
in the images is an indication of insufficient energy delivered to the focus of fabrication,
indicating there may be an error in setting the fabrication power or incorrect aberration

correction.

The fabrication at greater depths should be studied further to ensure the accuracy
and reliability of results. Nevertheless, it is mostly unlikely in most practical situation
to require fabrication as such depths. The calibration procedure developed here can
be applied in future studies to give insights to the transition region between the two

waveguide segments.

4.4.4 Throughput estimation and measurements

Equipped with the above knowledge, the transmission throughput of the waveguides
using the new writing scheme can now be measured. Sets of waveguides written with
the new writing scheme were fabricated with different depths, with z-offsets ranging
from 1.5 um to 4.5 wm. Fig. 4.26 shows the improvement in transmission relative to a
waveguide written only with the full pupil at the same fabrication depth.It is noted that
the experiments do not show a conclusive trend of how the z-offset value that gives the
highest throughput depends on depth. The variations of transmission enhancement with
respect to the z-offset could be due to experimental errors and this could be a direction

for future studies.
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Figure 4.26: Throughput measurements with varying z-offsets at different fabrication depths.

Finally, the throughput enhancement of the combined waveguide with highest trans-
mission throughput over the full pupil waveguide is shown in Fig. 4.27. The results shows
that the new method improves the overall transmission of waveguides compared to those
without corrections. The improvement increases with depth, which is expected since the
effect of edge aberrations also increases with depth. However, it is noted that the error
bars are quite large, meaning that the same measurement procedure cannot consistently
produce reliable results. This is due to the current measurement setup cannot align the
fibre with the waveguides in a consistent manner, thus leading to high variance in power
measurements. Improving the measurement setup should lead to better precision in the

results.
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Figure 4.27: Throughput measurements with varying z-offsets at different fabrication depths.

4.5 Conclusion and outlook for future work

In conclusion, a new fabrication method for compensating for edge aberrations is pre-
sented and investigated. The novelty is in writing the segment of a waveguide up to a
sample edge with half of the original pupil and increasing the energy instead of using a
tull pupil all the way which suffers from edge aberrations. The results showed that this
method is a promising proposal to allow for fabrication of waveguides up to the sample
edge, potentially eliminating the need of polishing after fabrication and enabling in-situ

fabrication in the future.

The difference between the material modification characteristics in fused silica and
Eagle glass is compared. It is noted that in Eagle glass, edge aberrations gives rise to the
formation of secondary structures near the sample edge, leading to an irregular mode at
the output facet, whereas in fused silica the expansion of the waveguide mode due to
poorer confinement is more regular. Regardless of the actual shape, in both materials

the expansion of the waveguide modes leads to a similar loss in the overlap integrals
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between the waveguide modes and the optical fibre mode, indicating that the coupling
loss increases with increasing fabrication depth. On the other hand, using the half pupil
fabrication method can ensure that the dimensions of the fabricated waveguide modes
remain relatively consistent at different fabrication depths, giving an estimated loss of less

than 20% from the overlap integral calculations.

It is also observed that without additional compensation, there is a vertical offset in
the z-direction between the waveguide segments written with full pupil and half pupil due
to difference in the focal energy distribution and depth-dependent aberration correction.
A procedure is described to calibrate the amount of offset and compensate accordingly
during fabrication. Finally, measurements confirm that the waveguides written with half
pupil have propagation loss comparable to those written with the full pupil without

incurring additional loss, which verifies the feasibility of the new writing scheme.

The half-pupil technique thus provides a robust and adaptable foundation for future
developments in in-situ fabrication. A logical next step will be to demonstrate the method
in an integrated configuration, such as writing directly between pre-aligned fibre arrays
mounted in v-groove substrates and the glass block, thereby realising coupling without
polishing or manual alignment. While this would require highly precise spatial matching
between input and output components, techniques such as tomographic refractive index
profiling [78] could enable the accurate localisation of guiding structures within the

substrate, paving the way for heterogeneous photonic integration.

On the fabrication side, the current workflow involves coordination between several
independent control systems (for example, the Aerotech stage controller, LabVIEW-based
SLM control, and motorised waveplate driver), each requiring manual reconfiguration
when switching between full-pupil and half-pupil operation. Developing a unified control
interface to automate these processes would not only streamline fabrication but also
reduce alignment time and the potential for human error. Such an integrated control

framework would represent an important step toward scaling the technique for larger and
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more complex photonic devices.

Finally, future work could focus on enhancing fabrication stability through online
monitoring and feedback. Incorporating an online monitoring module into the fabrication
system would provide valuable insights into the quality of fabricated waveguides, allow-
ing real-time correction without lengthy recalibration routines. Similarly, improving the
characterisation setup with a dedicated coupling platform and vibration-isolated mounts
would reduce measurement variance and ensure more reliable assessment of propagation
and coupling losses. Together, these developments would enable the half-pupil method
to evolve from a proof-of-concept demonstration into a practical and scalable fabrication

tool for next-generation integrated photonic systems.
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CHAPTER S

Multiscan Waveguide design for spatial mode converters

5.1 Introduction

Integrated photonics has witnessed rapid advances in recent years, driven by the demand
for compact, low-loss, and reconfigurable optical components. Among the various func-
tionalities required, the ability to manipulate spatial modes is of fundamental importance.
The orthogonality of spatial modes implies that they can encode information as inde-
pendent channels, which enlarges the capacities of classical optical communication and
quantum communication networks [79]. Such control underpins applications in optical
communication, mode-division multiplexing, quantum photonic circuits, and emerging
areas such as neuromorphic computing [80, 81]. In addition to information processing,
some optical systems may require interfacing with components with unique spatial mode
profiles, therefore the ability to tailor the mode shapes can enable new demonstrations

and applications [82].

Traditionally, devices such as beam rotators, mode converters, and waveplates have
been realised with bulk optical components, which demand precise alignment and occupy
a significant footprint. The integration of these functionalities onto a chip platform offers
dramatic improvements in scalability and stability. Recent developments have shown that
by tailoring the cross-sectional geometry and refractive index distribution of waveguides,

entirely new classes of integrated devices can be realised [83].

A central challenge in designing such structures lies in predicting how fabrication
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schemes influence the guided mode distribution. Conventional approaches often require
multiple fabrication iterations and extensive experimental optimisation, making develop-
ment costly and time consuming. Numerical modelling therefore plays an indispensable
role: it allows systematic exploration of geometrical parameters and enables the prediction

of modal properties prior to physical realisation.

Among recent fabrication strategies, Spherical Phase Induced Multiscan Waveguide
(SPIM-WG) inscription has emerged as a particularly promising approach [77]. By in-
troducing controlled phase modulation to the writing beam during femtosecond laser
inscription, SPIM-WG enables the direct creation of multiscan structures by carefully ar-
ranging multiple sequential scans. This capability provides access to complex cross-sections

not readily achievable with conventional single-focus writing or lithographic techniques.

This chapter investigates the design, simulation, and fabrication of SPIM-WGs for
spatial mode conversion. We begin with the principles of phase-modulated writing, then
present eigenmode simulations performed with COMSOL Multiphysics to quantify how
separation between waveguide scans, wavelength, and geometry determine the supported
modes. Both symmetric and asymmetric cross-sections are explored, including circular
arrays optimised for fibre coupling and tailored converters for matching to the skewed
modes of ppKTP waveguides. Finally, experimental results in Eagle glass are compared
with the numerical models, demonstrating strong agreement and highlighting the synergy

between phase-modulated fabrication and simulation-driven design.

5.2 Principle of phase-modulated writing

SPIM-WG is a fabrication method developed with the aim of achieving high-precision,
high-contrast refractive index modifications in glass by deliberately reshaping the focal
volume of a femtosecond laser. Rather than simply relying on the diffraction-limited
focus produced by the objective, SPIM-WG employs an additional phase modulation to
engineer the intensity distribution within the focal region so that the resulting material

modification more closely follows a designed spatial profile.
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The key step is the introduction of a controlled spherical phase, imposed by a spatial
light modulator, to redistribute energy across the focal volume. In practice, the dominant
contribution arises from the Zernike spherical aberration mode Z;; with an amplitude
near —1, which drives the formation of an “energy-relocated” focus. In this regime, the
effective pulse energy is preferentially concentrated toward the lower part of the focal
volume, suppressing upper-lobe structures that otherwise affect the modification process.
As a consequence, SPIM-WG produces refractive index changes that matches well with
the engineered focal shape while simultaneously achieving higher contrast and reduced

lateral dimensions compared with unmodified focusing.

The mechanism underlying the enhanced refractive index contrast can be understood
from the altered pulse intensity created by the aberrated focus. Because the imposed
phase reduces the local peak intensity, higher pulse energies are required to reach the
nonlinear jonisation threshold. Once plasma is generated, it becomes opaque to the
writing wavelength, and the increased deposited energy produces a correspondingly larger
refractive index change [84]. In addition, the modified plasma distribution inverts the
longitudinal intensity profile which leads to a different refractive distribution compared

to conventional fabrication parameters [85].

To refine the focal profile further, SPIM-WG incorporates higher-order spherical
modes in conjunction with Z;;. These were explored using a Nelder—Mead optimisation
routine [86], in which a target 3D focal intensity distribution representative of an ideal
energy-relocated regime was specified. At each iteration, the algorithm simulated the
resulting focal field, evaluated the mean-squared error relative to the target distribution,
and updated the phase mask accordingly. The result from simulations confirmed that the
converged solution remained dominated by Z;; = —1, with only minor contributions
from higher-order terms such as Z3;. These additional modes serve primarily to suppress
residual side lobes and fine-tune the axial extent of the modification region. Together,
these results confirm that engineered spherical phase modulation improves the precision

and control of SPIM-WG over conventional laser-written waveguide fabrication schemes
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87].

The effectiveness of this approach is illustrated in Fig. 5.1, which shows tomographic
microscopy images of refractive index modifications in Eagle glass written with SPIM-
WG. Optical tomography provides a non-destructive means of reconstructing the three-
dimensional refractive index distribution within transparent materials. By capturing multi-
ple intensity images of a sample from different angles and applying inverse reconstruction
algorithms, each image encodes information about the optical phase delay accumulated
along the light path, which is directly related to the local refractive index variations within
the material. Using an proximal gradient descent algorithm, these phase projections are
computationally combined to yield a three-dimensional map of the refractive index distri-
bution with sub-micron spatial resolution [88]. In addition to the uniform positive index
regions that form the waveguide cores, the images reveal the characteristic negative index
lobes above the waveguide cores, a distinctive feature of this method. Rather than being
undesirable, these regions provide an additional degree of freedom for engineering mode

profiles, as later demonstrated in converter designs (see section 5.3.4).

0.013 (a) (b) (©)

-0.003

Figure 5.1: Adapted from [77]. Tomographic microscopy images of refractive index modifi-
cations in Eagle glass fabricated with the SPIM-WG method using a 6 x 6 multiscan scheme.
Panels correspond to lateral and axial scan separations of (a) 0.5 pm, (b) 1.0 um, and (c) 1.5 um,
respectively. The dashed boxes highlight the central multiscan region, while the colour scale
represents the refractive index change. Scale bars: 5 pm.

This approach makes it possible to inscribe multiple closely spaced guiding regions by

multiple sequential scans with the phase-modulated focus to build up complex geometries.
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The resulting refractive index modification therefore reflects the designed arrangement of

waveguide scans that overlap to form collective structures.

Overall, SPIM-WG provides a sufficiently high-precision method for inscribing com-
plex multiscan geometries. By leveraging spherical phase modulation, it overcomes the
limitations of conventional thermal-regime writing and offers a robust route to fabricat-

ing tailored cross-sections for spatial mode conversion.

5.3 Simulation studies of cross-sectional geometry
5.3.1 Modelling principles and procedure using COMSOL

Numerical simulations were carried out using the Wave Optics Module of COMSOL Mul-
tiphysics, which determines the eigenmodes of arbitrary waveguide cross-sections through
a finite element method (FEM) framework. The workflow proceeds through a series of
stages that transform an abstract refractive index distribution into concrete predictions of

effective indices and field profiles.

The starting point of each simulation is the definition of material and structural
parameters. Fig. 5.2 summarises the key quantities: refractive index contrast, operating
wavelength, scan width, scan separation, and structural length. Together, these values
specify the geometry and material composition of the system and set the conditions for

the modes that the solver can return.
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Name Expression Value
n_max 1.514 1.514
n_min 1.5 s
Ida0 785[nm)] 7.85E-Tm
W 0.6[um] BE-7m
sep 0.8[um)] 8E-Tm
| 5[um] SE-6m
fo c_const/Ida0 3.819E14 1/

Description

maximum refractive index
minimum refractive index
wavelength

core width

core separation

core length

frequency

Figure 5.2: Key parameters defined in COMSOL for the multiscan waveguide simulations re-
ported in this chapter, including refractive index contrast, operating wavelength, scan width,
scan separation, and structural length. These values define the geometry and material compo-
sition of the model and directly determine the modal properties obtained from the COMSOL

solver.

The next stage is geometry construction. In SPIM-WG devices, this is modelled by

embedding Gaussian-shaped refractive index modifications in the substrate to represent

the laser-written structures. The Gaussian index profiles are specified inside the material

properties section, and by arranging these waveguide structures in different geometries,

the intended multiscan cross-sections can be reproduced. Fig. 5.3 shows one such example,

where rectangular outlines indicate the positions of the individual waveguide scans within

the computational window. The operating wavelength is specified at this stage, as it

strongly influences the effective mode indices and confinement.
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10 pm

Figure 5.3: Geometry of a simulated multiscan waveguide cross-section. Rectangular outlines
mark the positions of the individual laser-written waveguide scans within the computational
window.

Once the geometry is established, the computational domain is discretised into a
finite element mesh. The mesh must be fine enough around the structures to resolve the
confined fields, while a coarser mesh can be used in the cladding to reduce computational
effort. Fig. 5.4 illustrates this strategy, with dense elements around the guiding region
and progressively larger elements at the periphery. The COMSOL solver has presets that
automatically generates meshes, and for the simulations presented here a “Fine” mesh is

used.
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Figure 5.4: Finite element mesh used in COMSOL simulations. The mesh is refined in the
guiding region to capture the confined fields accurately, while coarser elements are used in the
cladding to reduce computational cost.

With geometry and mesh in place, COMSOL formulates the eigenvalue problem for
the frequency-domain Helmholtz equation. Fig. 5.5 shows the refractive index distribu-
tion of a horizontal multiscan array used in the simulations, where waveguide structures
are embedded in a lower-index substrate, matching the measured refractive index distribu-

tion of Fig. 5.1.
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Figure 5.5: Refractive index distribution of a horizontal multiscan waveguide. Each structure
is modelled with a Gaussian refractive index profile, with a peak contrast of n = 1.514 relative
to the substrate index n = 1.50.

The COMSOL solver then computes the eigenvalues and eigenvectors of the system.
The eigenvalues correspond to the effective indices of the supported modes, while the
eigenvectors give the spatial field distributions. These outputs are inspected for confine-
ment, symmetry, and agreement with the expected modal behaviour to be consistent
with established waveguide theory. In structures with multiple modes, comparisons of
effective indices reveal whether degeneracies are preserved in symmetric arrays or lifted in

asymmetric ones.

Finally, the results can be post-processed to extract parameters such as mode-field
diameter, effective area, or overlap integrals, providing deeper insight into the guiding
properties. A central strength of the FEM approach is its ability to handle smooth
Gaussian-like profiles typical of femtosecond-laser-written waveguides, as well as distorted

or asymmetric geometries that cannot be described analytically.
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In summary, the COMSOL workflow proceeds through parameter definition, geome-
try construction, meshing, eigenvalue solution, and post-processing. Each stage is essential
for accurate prediction of supported modes and effective indices, establishing a direct link

between structural design and optical behaviour.

5.3.2 Multiscan cross-sections

When multiple laser-written structures are placed within close proximity, their evanescent
fields overlap and the system no longer supports modes confined to individual guides.
Instead, the structure behaves as a single composite cross-section with collective modal
properties, often referred to as supermodes. These supermodes form the basis for design-

ing spatial mode converters in multiscan arrays.

The precise form of a supermode is determined by the arrangement, separation, and
symmetry of the scans, together with the operating wavelength. With suitable design,
these synthetic structures can reproduce the modal families of step-index fibres while
being directly inscribed into bulk substrates. The discussion in this section indicate that
a physical intuition about the mode profile behaviour can be established. Sub-micron
separations produce strong overlap, so the array acts effectively as a single enlarged guide
with a smooth central peak. As separation increases, the overlap weakens and the field
distribution fragments into lobes centred on the individual scans. At sufficiently large
distances, the overlap vanishes and each structure guides independently. Wavelength plays
an analogous role: long wavelengths with broad mode fields favour collective guiding,

while shorter wavelengths accentuate localisation within the individual structures.

The behaviour of supermodes is also highly sensitive to structural asymmetry. Per-
fectly symmetric arrays support evenly distributed fields, but even small variations in core
size, position, or index contrast bias the distribution towards particular regions. Such
asymmetry may arise from fabrication tolerances, yet it can also be deliberately engineered
to produce tilted or shifted mode patterns. This introduces a valuable design parame-

ter: multiscan cross-sections can be tailored not only for collective guiding, but also for
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shaping or steering modes in controlled ways.

Overall, multiscan cross-sections act as synthetic waveguides whose modal properties
are governed by geometry. Their design determines not only the number of supported
modes, but also their extent, symmetry, and robustness. Numerical modelling, presented
in the following subsections, builds on this qualitative framework to quantitatively con-
firm how specific cross-sectional choices translate into concrete field distributions. This
predictive capability is critical for engineering spatial mode converters with precise func-

tional outcomes.

5.3.3 Effect of separation and wavelength

One of the most critical parameters in multiscan arrays is the separation between neigh-
bouring waveguides. Together with the operating wavelength, it determines whether the
cross-section supports a smooth collective supermode or a set of independent, localised
modes. To examine this systematically, simulations were carried out for three representa-
tive horizontal separations: 0.8 um, 1.5 wm, and 3.0 um, each at wavelengths of 1550 nm,
785 nm, and 532 nm. These values illustrate the transition from strong overlapping, to

partial overlapping, to negligible overlapping of the individual modes.

At a separation of 0.8 um, the evanescent tails of adjacent guides overlap almost
completely. The simulated fundamental mode extends broadly across the array, forming a
single collective distribution. At 1550 nm wavelength, the mode envelope fills nearly the
entire cross-section, while at 785 nm wavelength the confinement tightens but the field
remains continuous. Even at 532 nm wavelength, the field does not break into discrete
lobes, confirming that such small separations produce a robust supermode spanning the

whole array, as shown in Fig. 5.6.
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Figure 5.6: Simulated mode fields for a multiscan waveguide with a separation of 0.8 um at
three wavelengths. (a) 1550 nm, (b) 785 nm, (c) 532 nm. At all wavelengths the array supports
a smooth collective fundamental mode, with tighter confinement at shorter wavelengths.

At a separation of 1.5 wm, the array enters a transitional regime. At 1550 nm
wavelength the mode distribution still resembles that of a single enlarged guide, but at
shorter wavelengths the influence of the individual modes becomes visible. At 785 nm
wavelength, slight undulations appear in the field envelope, while at 532 nm wavelength,
the lobes become clearly resolved with peaks aligned to the scan positions. The gradual
transition from smooth to multi-lobed distributions can be seen in Fig. 5.7. Although

not shown in the figure, the multiscan waveguide also became multimodal at shorter

wavelengths.
1
(b)
i | 0.5
10 um
0

1550nm 785nm 532nm

Figure 5.7: Simulated mode fields for a multiscan waveguide with a separation of 1.5 um at
three wavelengths. (a) 1550 nm, (b) 785 nm, (c) 532 nm. The field evolves from a broad
collective envelope at longer wavelengths to distinct lobes at shorter wavelengths.

At a separation of 3.0 um, the overlap between neighbouring guides is further de-
creased. The simulated fields remain confined to individual structures at all wavelengths.

At 1550 nm wavelength, there is still faint extension into neighbouring regions, whereas
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at 785 nm and 532 nm wavelength the modes are highly localised and centred on each

scan, as illustrated in Fig. 5.8.

(®)

0.5

1550nm 785nm 532nm

Figure 5.8: Simulated mode fields for a multiscan waveguide with a separation of 3.0 um
at three wavelengths. (a) 1550 nm, (b) 785 nm, (c) 532 nm. The fields are localised within
individual structures and the collective supermode behaviour significantly diminishes.

While the field maps capture these trends qualitatively, cutline profiles provide a
clearer quantitative comparison. Fig. 5.9 shows normalised intensity profiles extracted
along a central horizontal line. At 0.8 um, the profiles collapse into a single broad
peak across all wavelengths, illustrating complete overlap. At 1.5 pm, the profiles show
shoulders at 1550 nm and splitting at 785 nm and 532 nm, consistent with partial
localisation. At 3.0 um, the profiles display well-separated peaks, confirming independent

single-core guiding.
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Figure 5.9: Normalised intensity profiles along a horizontal cutline for separations of (a)
0.8 wm, (b) 1.5 um, and (c) 3.0 um. Curves correspond to wavelengths of 1550 nm, 785 nm,
and 532 nm. The transition from a broad single peak to distinct separated lobes is evident as

the separation increases and the wavelength decreases.

To test whether the same principles apply in other orientations, a vertical two-column
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arrangement was simulated. The refractive index profile in Fig. 5.10 show two vertical
strips with higher refractive indices. The corresponding fundamental modes, shown in
Fig. 5.11, demonstrate that at 1550 nm the field fills most of the elongated region, while at
shorter wavelengths the confinement strengthens and the mode separates to becomes more
distinctly confined in each region. This confirms that separation and wavelength interplay

governs collective versus localised guiding in both horizontal and vertical geometries.

s

10 pm

1.49

Figure 5.10: Simulated refractive index profile of a vertical two-column arrangement.

@ b (©) :
0.5
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Figure 5.11: Simulated fundamental mode profiles for a vertical two-column waveguide arrange-
ment at three wavelengths: (a) 1550 nm, (b) 785 nm, and (c) 532 nm. The vertical geometry
leads to elongated modes with stronger confinement at shorter wavelengths.
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These results establish a clear picture of how separation and wavelength jointly govern
the transition between collective and localised guiding. Small separations favour strongly
overlapping fields that combine into smooth supermodes, whereas large separations iso-
late the cores and suppress collective behaviour. Also, longer wavelengths enhance overlap
and promote shared guiding, while shorter wavelengths emphasise confinement and lo-
calisation. Together, these factors provide a straightforward framework for anticipating
the modal properties of multiscan structures and for tailoring cross-sections to achieve
the desired balance between collective behaviour and independent guiding in spatial mode

converter design.

5.3.4 Symmetric and asymmetric geometries

In addition to linear or rectangular arrays, multiscan structures can also be designed
in circular configurations. Such arrangements are particularly attractive because they
naturally support symmetric guided modes that closely resemble the fundamental mode
of a standard single-mode fibre. This makes circular multiscan designs well-suited for fibre
coupling, as the overlap between the guided field and the fibre mode can be maximised
without additional mode-shaping elements. Fig. 5.12 shows the simulated refractive index
profile of a circular SPIM-WG cross-section. It is observed that negative index region
appears above the guiding structure as an artefact of the phase-modulated inscription,
yet it does not disturb the mode formation within the array. The simulated field in
Fig. 5.13 confirms that the structure supports a symmetric, centrally peaked fundamental
mode that remains circular in shape since it is well-confined in the overall structure. The
specifics and limitations of the interplay between the guiding region and negative index

region can be a direction for future studies.

95



1.5

1.49

1.48

Figure 5.12: Simulated refractive index profile of a circular multiscan waveguide cross-section
designed with the SPIM-WG method. A negative index region appears above the guiding
structure due to artefacts of the phase-modulated inscription, but it does not perturb the
formation of the symmetric mode supported by the circular array.
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Figure 5.13: Simulated fundamental mode field of the circular multiscan waveguide correspond-
ing to the refractive index profile shown in Fig. 5.12. The guided mode remains symmetric and
well confined within the circular array of scans, despite the presence of a negative index region
above the structure. The colour bar shows the normalised field intensity.

While circular symmetry provides efficient fibre coupling, many practical waveguides
exhibit asymmetric mode profiles. A prominent example is the case of periodically poled
potassium titanyl phosphate (ppKTP) waveguides, widely employed in nonlinear optics
for frequency conversion and quantum light generation. In these devices, the guiding
region is defined by a rubidium ion-exchange process that penetrates into the crystal from
the surface with a gradually decaying concentration. The resulting refractive index distri-
bution produces a skewed Gaussian-like mode that overlaps poorly with the circular mode
of single-mode fibres, leading to substantial coupling losses around 70% from previous

measurements. Simulations further suggest that improving the efficiency to above 80%
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would already suffice to surpass the shot-noise limit in phase-sensing experiments without

post-selection [89].

SPIM-WG devices fabricated in Eagle glass can be employed as intermediate converters
to bridge this mismatch. By arranging the SPIM-WG scans appropriately, the refractive
index profile can be engineered to emulate the asymmetry of the ppKTP guiding region.
Fig. 5.14 shows one such design, where the SPIM-WG cross-section is tailored to match

the skewed Gaussian-like profile of a ppKTP mode.

1.5

1.49

1.48

Figure 5.14: Simulated refractive index profile of a SPIM-WG cross-section designed for inter-
facing with ppKTP waveguides. The rectangular region at the top represents the ion-exchanged
guiding layer of a ppKTP device, characterised by a skewed Gaussian-like mode. The SPIM-WG
scans written in Eagle glass are arranged to transform a circular fibre mode into this asymmetric
distribution. A negative index region, intrinsic to the SPIM-WG inscription process, is exploited
to control the asymmetry through geometry design.

The resulting guided field is shown in Fig. 5.15. By raising the inscribed regions on
the side and having the negative index region slightly extending from above in the centre,

the negative index region that accompanies SPIM-WG inscription is deliberately exploited
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to fine-tune the asymmetry, offering additional control over the guided field, resulting in
profile where the top of the mode is flat. The simulated fundamental mode reproduces
the skewed intensity distribution typical of ppKTP waveguides [90], demonstrating that

SPIM-WG cross-sections can faithfully match the desired asymmetry.

0.7
0.6

F 0.5

Figure 5.15: Simulated fundamental mode of the SPIM-WG cross-section shown in Fig. 5.14.
The asymmetric refractive index distribution, defined by the ppKTP ion-exchanged region to-
gether with the SPIM-WG scans, guides a skewed mode profile that closely matches that of a
ppKTP waveguide. The negative index region formed during SPIM-WG inscription is used to
fine-tune the asymmetry, thereby improving mode matching to the ppKTP structure.

Opverall, symmetric circular SPIM-WG arrays provide efficient fibre-compatible modes,
while tailored asymmetric designs enable coupling to specialised waveguide structures such
as ppKTP. These two cases highlight the versatility of SPIM-WG fabrication: by modify-
ing the cross-sectional geometry, one can either preserve symmetry for fibre interfacing or

deliberately introduce asymmetry for efficient coupling to nonlinear photonic devices.
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5.3.5 Comparison with fabrication results

The SPIM-WG method was experimentally implemented in Eagle glass, and the fabricated
structures were examined through both microscope imaging and guided-mode characterisa-
tion. Fig. 5.16 presents two representative examples: a circular array designed for efficient
fibre coupling, and an asymmetric array tailored to match the mode profile of ppKTP

waveguides.

In each case, the microscope image reveals the inscribed cross-section, the measured
near-field pattern confirms the guided mode distribution, and the extracted intensity pro-
files quantify the confinement. The circular design produces a symmetric mode centred
within the array, in close agreement with the simulated field shown in Fig. 5.13. By
contrast, the asymmetric design yields a skewed distribution, as captured in the cutline
profiles, which reproduces the characteristic ppKTP mode predicted in Fig. 5.15. Both
cases also exhibit the negative index lobes intrinsic to SPIM-WG inscription, providing

an additional degree of control over the modal shape.

X=0 X=2
(a) (1) Profile
X=0 um
X=2 um
(®) () Profile -

X=0 um|

Profile
X=2 um

Figure 5.16: Adapted from [87]. Fabricated SPIM-WG structures in Eagle glass. For each de-
sign: (i) microscope image of the cross-section, (ii) measured near-field mode, and (iii) extracted
intensity profiles along = 0 and z = 2 pm. (a) Circular array optimised for fibre coupling,
showing symmetric confinement. (b) Asymmetric array tailored for ppKTP mode matching,
showing the expected skewed distribution in the cutline profiles. Scale bars: 10 um.
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By carefully shaping the core geometry and utilising the negative index region created

during inscription, the mode profiles can be made to match that of external components.

A spatial mode converter can then enable efficient transformation between circular fibre

modes and ppKTP modes. Fig. 5.17 gives an example of using 18 waveguide scans to

build a mode converter between fibre mode and ppKTP mode. The mode converter is

formed by 3 regions: from the end coupling with fibre, a straight region first extends

the waveguide from the end facet with the arrangement in Fig. 5.17(a), then over a

sufficiently long region (usually a few mm) transitions into the arrangement in Fig. 5.17(b),

where another straight region then extends to the opposite end facet and couples with a

ppKTP device. Each waveguide is written with the SPIM-WG method, and the multiscan

approach builds up the overall mode converter [87].

(@ 3¢

x10°°
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Figure 5.17: Positioning of waveguide scans at the end facet of a mode converter between fibre

mode and ppKTP mode. (a) Fibre mode. (b) ppKTP mode.

The close correspondence between simulated and fabricated mode profiles highlights

the reliability of the SPIM-WG approach. These results confirm that designs developed

through numerical modelling can be directly realised in practice, enabling precise engi-

neering of spatial mode converters.
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5.4 Conclusion

The investigation of waveguide cross-sections for spatial mode converters highlights the
influence of geometry on optical function. By adopting a supermode perspective, this
chapter has shown that the guided fields of multiscan structures are inherently collective,
shaped directly by the arrangement, symmetry, and separation of the scans. Numeri-
cal simulations provided a systematic framework for predicting these behaviours, while
fabrication experiments in Eagle glass confirmed that SPIM-WG technology can reliably
translate designed cross-sections into physical devices. Together, these results affirm that
cross-sectional engineering is not merely supportive but foundational to the realisation of

spatial mode converters.

Several avenues for future exploration emerge from these findings. One direction is
the study of increasingly complex cross-sections, which could enable the generation of
higher-order spatial modes such as those carrying orbital angular momentum, of interest
for high-capacity communications and high-dimensional quantum encoding. Another im-
portant direction lies in circuit-level integration, where SPIM-WG cross-sections designed
for specific transformations—such as mode rotation, splitting, or reshaping—are cascaded

to form compact multifunctional photonic systems.

Equally important is the question of robustness. While this chapter has noted that
asymmetries can often be harnessed as design tools, a quantitative understanding of toler-
ances to fabrication imperfections—such as misalignment, variation in index contrast, or
beam-shaping artefacts—would be highly beneficial. Such studies would improve repro-

ducibility and help identify which designs are best suited for scalable manufacturing.

Finally, the extension of these concepts into nonlinear and quantum photonics repre-
sents a particularly promising frontier. Tailored spatial modes could be used to optimise
phase-matching conditions for nonlinear processes, or to control the spatial properties of
entangled photons for quantum information processing. In this way, simulation-driven

design of SPIM-WG cross-sections could become a powerful enabler of next-generation
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integrated quantum technologies.

Overall, this chapter has established a clear link between cross-sectional geometry and
optical functionality in SPIM-WG devices. The convergence of simulation, fabrication,
and physical intuition provides a versatile framework for spatial mode engineering, with
potential applications spanning communications, nonlinear optics, and quantum photon-

ics.
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CHAPTER 6

Polarisation and angle-dependent modulation of coupling

ratio in directional couplers

6.1 Introduction

Manipulation and control of the polarisation of light is a fundamental aspect of photonics
and has a wide range of applications, including photonic computing and communications
[91]. Since waveguide-based structures are important components for building integrated
optical devices and circuits, many applications in topological photonics utilise waveg-
uide arrays and evanescent coupling to demonstrate physical phenomena [92]. On-chip
quantum and data processing applications are also highly dependent on polarisation prop-
erties [93]. Recent efforts have been directed towards polarisation insensitive photonic
devices [94]. While the impressive work demonstrates the ability to minimise polarisation-
dependent effects, in general polarisation effects could be harnessed for further function-
ality. It is therefore necessary to understand how such optical devices respond to different
polarisations in order to have full control on manipulating different states and preserving

the quality of encoded information.

Laser-written directional couplers are investigated in this chapter as they are funda-
mental building blocks of optical circuits [95]. A waveguide directional coupler splits
incident light into different output ports depending on the interaction length of the cou-
pling region. It is formed by bringing two waveguides close to each other. Their function

relies on evanescent coupling, which occurs when two waveguides are in close proximity
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and their evanescent fields overlap [96]. In this paper, the waveguide arm coupled to the
input light will be referred to as the primary waveguide, and the other arm referred to
as the secondary waveguide. The splitting ratio is the proportion of transmitted power
in the primary and secondary waveguide outputs with respect to the input light of a
directional coupler. The ratio varies with respect to the interaction region length of a

directional coupler.

Previous work on femtosecond laser direct written photonic circuits has demonstrated
different approaches to utilise polarisation-dependent properties of integrated optical de-
vices to let them act in lieu of bulk components, such as polarisation beam splitters [97],
waveplates [98] and retarders [99]. However, the characterisation typically only considers
vertical and horizontal linear polarisation inputs, but not for arbitrary linear polarisations.
Moreover, the devices were mostly coplanar, which gives an incomplete description of de-
vice behavior when considering three-dimensional structures. Szameit et al. investigated
how out of plane geometries affect coupling constants, but did not take input polari-
sation into account [100]. Sansoni et al. fabricated out of plane directional couplers
specifically so that the coupling was the same for horizontal and vertically polarised light
[101]. Nevertheless, it was focused on finding a specific operating point for a fixed in-
teraction region length. These works have shown that the x- and y- polarised light give
rise to different periods of power exchange, but characterisations of other polarisation
states were unclear. Other recent work has been undertaken to utilise this capability to
demonstrate more sophisticated topological and quantum phenomena but the reported
results encounter similar limitations in the sense where only specific input polarisation
states are considered [102, 103]. However, to fully exploit the 3D capabilities of FLDW,
it is crucial to understand how these out-of-plane geometries change the properties of the

devices and the transmission for different polarisation states.

Fig. 6.1 shows two configurations in which one might imagine when considering
polarisation and angle-dependent coupling. There could be (a) different coupling angles

with a fixed input polarisation, or (b) fixing the coupling angle and changing the polarisa-
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tion instead. On first inspection one may think the two scenarios are equivalent up to a
rotation, but on closer inspection one realises that the configuration actually is not sym-
metric for different polarisations. Consider Fig. 6.1(b), where the direction of coupling
is parallel to x-polarised light but orthogonal to y-polarised light. The difference in field
direction leads to a slight variation in the effective refractive indices of the fundamen-
tal modes, leading to polarisation-dependent effects. This suggests that a more careful

analysis is needed to properly examine the different configurations.

2 @ © (b)
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Figure 6.1: (a) Geometrical configuration where light is guided in the centre waveguide couples
into different waveguides at various angles. (b) Configuration where the coupling angle is fixed
but the guided polarisation is varying. (Red arrows denote the coupling directions and blue
arrows indicate the polarisation field directions.)

This chapter aims to present a general polarisation-dependent effect where the orien-
tation of linearly polarised incident light dictates the splitting ratio for each output port
of a directional coupler and can modulate the maximum value attainable. Fig. 6.2 shows
the general setup of the orientation of the input polarisation angle 6 with respect to the
y-direction (vertical) of the directional couplers. Note that the red dashed line indicates

the interaction region for evanescent coupling of the two arms of a directional coupler.
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Figure 6.2: Schematic showing the input light polarisation angle 6 with respect to the vertical
y-direction of the directional couplers.

The polarisation effects on splitting ratio as a function of the interaction region
length is experimentally characterised. This enables further understanding of how the
performance of directional coupler devices depends on polarisation. The dependence
of the splitting ratio on the polarisation orientation angle and relative position of the
waveguide arms is studied theoretically, predicting an additional modulation effect which
is in agreement with the experimental data. This gives insights into how the fabrication
and circuit design can be controlled in order to improve the performance of devices by

better understanding the polarisation effects.

Moreover, it is further demonstrated that the effect in directional couplers extended
to out-of-plane geometries with three-dimensional structures, where the two arms are not
at the same depth from the substrate surface. The experimental results are in agreement
with the theoretical description of the coupling for monochromatic light. Fig. 6.3 shows
the waveguides being offset at an angle which is denoted as ¢, which is used when studying

the effect on structures that are not coplanar.
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Figure 6.3: (a) 3D view of two waveguides lying on same or different x-z planes with a constant
separation distance d slightly offset at an angle ¢ at the interaction region — the upper diagram
shows when ¢ = 0 and the lower when ¢ # 0. (b) 2D cross-section view on x-y plane of two
waveguides at different ¢ at the interaction region.

Below, Section 6.2 describes the background and theoretical study. Section 6.3 de-
scribes details of the experimental design and the directional coupler fabrication parameters.
Section 6.4 reports and discusses the experimental results and the results of extension to

3D structures. Section 6.5 gives the concluding remarks.

6.2 Properties of directional couplers

The splitting ratio r indicates the proportions of transmitted power in the primary and
secondary waveguide outputs with respect to the input light of a directional coupler.
According to coupled-mode theory [104], the expression for 7 is given by
P 5 . o (C
. N — i —L 6.1
r Rz o”sin” | —Lo (6.1)
where P, and P, are the output power of the primary and secondary waveguides respec-

tively, C' is the coupling coefficient between the two waveguides, o is a dephasing term

that depends on the waveguide asymmetry and Ly is the length of the interaction region.
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The dephasing term o is given by

S (6.2)

2
L+ (25)
where A = |31 — f2] is the difference of the propagation constants of the two waveguides
[105]. Therefore, if there is some general asymmetry in the waveguide refractive index
distribution, the maximum power coupling ratio will be reduced to a fraction of the
original. Nevertheless, the expression predicts a sinusoidal behavior with respect to the
interaction region length. However, Eq. 6.1 does not fully consider polarisation effects

and asymmetry for different input polarisation states.

When the input polarisation is aligned with the principal axes of symmetry of the
cross-section geometry (along x- and y-axis for ¢ = 0° coplanar directional couplers as illus-
trated in Fig. 6.2), the light propagates through the arms with a specific mode, which can
be viewed as a superposition of symmetric and anti-symmetric modes as shown in Fig. 6.4
[106]. Power exchange between the primary and secondary arms can then be explained
in terms of the beating between the symmetric and anti-symmetric modes. However,
when the input polarisation is not aligned along either of these principal axes, both x-
polarised and y-polarised modes are present, and the situation is more complicated. The
x/y symmetric/anti-symmetric modes all have different propagation constants, therefore

these four modes will all contribute differently to the total propagating wave.

Assume the two waveguides lie in the xz-plane, where 2z is the direction of light
propagation through the waveguides (Fig. 6.2). Birefringence caused by non-ideal device
fabrication by FLDW, which often produces waveguides with non-circular cross-sections
[107], leads to non-identical effective refractive indices of the primary and secondary
waveguides for different input polarisation states. Furthermore, the geometric configu-
ration of the two waveguides leads to further asymmetry, particularly in the strain field,
such that the propagation constants of the symmetric mode and the anti-symmetric mode

of the x- and y-polarised light are therefore also different [108]. This difference leads to
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a change in the splitting ratio when the input polarisation changes and is inherent to the

geometry of the directional couplers.

X-symmetric mode X-anti-symmetric mode

_>k<

y-symmetric mode y-anti-symmetric mode

Figure 6.4: Fundamental supermodes of a directional coupler in the interaction region. Each
circle represents the cross-section of a waveguide. Arrows indicate the orientation and relative
phase of the transverse electric field of each supermode. Horizontal and vertical arrows cor-
respond to x- and y-polarized supermodes, respectively. Symmetric supermodes have fields in
phase across the two waveguides, while antisymmetric supermodes have fields out of phase.

Let the propagation constants of the x-symmetric (even) mode be denoted as k. and
that of the x-anti-symmetric (odd) mode be denoted as k,,. Similarly, the propagation
constants for symmetric mode and anti-symmetric mode of the y-polarised modes are
kye and k,, respectively. Denote C'/o in Eq. 6.1 as k, where the effective coupling
coefficients ~, and &, for the respective polarisations are related to the rate of power

exchange between two waveguides.

Theoretically, the input light can be expressed as a sum of the symmetric and anti-
symmetric modes with equal amplitude, and the beating between the modes creates a
modulated envelope which manifests as the power exchange between the two arms of
the directional coupler. The rate of power exchange is slightly different for polarised
input light along the two principal axes, hence there will be an additional modulation
to the splitting ratio for other polarisations. For linearly polarised light with the angle
6 between the polarisation axis and the vertical y-direction (Fig. 6.2), the modulation is

most pronounced at § = /4. The derivation of this result is shown below.
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6.2.1 Derivation for pure linearly x-polarised and y-polarised input light

Let E,.(2) represent the electric field amplitude for the propagating electric field corre-

sponding to the x-symmetric mode as a function of 2, omitting the time-varying compo-

nent which is assumed to be the same for all terms. Similarly, for the other modes

Ere (2) = cos (kpez), FEypo(2) = cos (kgoz),
(6.3)

Eye (2) = cos (kyez), Eyo(2) = cos (kyoz)

where z is along the propagation direction. Fig. 6.5 shows an example schematic of the

field amplitudes of the symmetric and anti-symmetric modes in the two waveguides where

the input light is coupled to WGI1.

WG2

WG

= Optical Field Amplitude (a.u.)

Symmetric supermode (in-phase)

Antisymmetric supermode (out-of-phase)

Figure 6.5: Symmetric (in-phase) and antisymmetric (out-of-phase) optical supermodes shown

along the propagation direction. Horizontal lines indicate the positions of waveguides WG1
and WG2, while the curves illustrate the field amplitudes and their relative phase and sign in

the respective waveguides; vertical scaling is schematic.

Consider input light polarised along the y-direction coupled to the primary waveguide

arm. This input light can be expressed as a sum of the symmetric and anti-symmetric

modes with equal amplitude. For unit amplitude input, at z = 0 we have P, = 1 and

P5 = 0. Assuming losses by absorption and scattering are negligible, we have P, + P, = 1
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for all z since power is conserved. For simplicity, in the following, the power expressions
P,, P, and Fy refer to the output power of the x-polarised, y-polarised and linearly
polarised input light with polarisation axis at an angle 0 to the vertical y-axis. They
represent power in the primary waveguide arm ie. P; in Eq. 6.1. Note that P, in
the secondary waveguide arm is therefore simply 1-P;. Fig. 6.6 shows an example plot
of power beating in a directional coupler. The power variation follows a sinusoid as

described in Eq. 6.1.

Normalized power
o
[&)]
T

Propagation distance z (a. u.)

Figure 6.6: Normalized optical power in waveguides WG1 and WG2 versus propagation dis-
tance, showing periodic energy exchange due to interference between the two supermodes. The
coupling length L. marks the length required for the first complete power transfer from WG1
to WG2.

Let the wave amplitude in the primary waveguide corresponding to the y-polarised

input light be F,. Then

Ey(2) = 5 (Eye (2) + Eyo (2))

[cos (kyez) + cos (kyoz)] (6.4)
kye + kyo kye — kyo
= cos (%z) cos (%z)

As kye and k,, have similar but unequal values, the second cosine term is of much

N — DN~
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lower frequency than the first one. The expression therefore represents a modulated
sinusoid with an envelope corresponding to the second term. The power flow in the
waveguide is obtained by integrating the wave amplitude, therefore it is proportional to
the square of the envelope. The power P, corresponding to the y-polarised input with

unit amplitude is given by:

P, (2) = cos? (@z) (65)
Similarly,
E, (z) = cos (@z) cos <@z) (6.6)
and
P, (2) = cos® (k”%z) : (6.7)

The envelope shows how the power flow in the primary arm changes with distance. Define

quantities K, and K, as follows:

Ry = kq}e - kxo
(6.8)

Ky = kye — Eyo

which is simply the inverse of the beat length between the two modes [109]. They can
be interpreted as the effective coupling coeflicients for the respective polarisations which

manifests as the power exchange between the two arms of the directional coupler.

6.2.2 Derivation for arbitrary linearly polarised input light

Now consider an arbitrary linearly polarised light with polarisation axis along  coupled
to the primary waveguide arm. Interference effects between modes (e.g. between k;. and
kye) are insignificant compared to the power exchange in directional couplers [109]. The
overall power can therefore be found by decomposing the polarisation vector into x- and
y- components. Since the wave vector corresponding to this input is a vector sum of E,

and E, components in the amplitude domain, for input light polarised along 6 with unit
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amplitude we have:

Py (2= Ly) = P, (2 = Ly) cos> 0 + P, (z = Lo) sin* 0
. . (6.9)
= cos? (%Lg) cos? 6 + cos? (Ey[@) sin” 0
where the output power is measured at the output of a directional coupler with interaction

distance L.

Since the effective coupling coefficients of F, and F, are different, there will also be
beating between the envelopes of the two waves. It is possible to express this envelope

analytically as follows: starting from Eq. 6.9,

Pg (Z = L0>
= cos? (%Lo) cos® 0 + cos? (%LO) sin? 6

_ 1+ cos (kzLo) o0+ 1+ cos (kyLo)
2 2
[1 + cos (K Lg) cos” 8 + cos (r, Lg) sin® 6]

sin® 6

N~ N~ DN~

{1 + % (cos (KyLo) + cos (k, Lo)) + (6082 0— %) (cos (kg Lg) — cos (’{yLO))]

{1 + cos (Kx ;— HyLo) cos <Hx ; HyLo) — cos 20 sin (Hz ;— HyLo) sin (f% ; HyL())}

(6.10)

which is of the form pcos(t) + gsin(t). Invoking the auxiliary angle relation

pcos(t) — gsin(t) = /p? + ¢ cos(t + &),

and letting

P = cos (K% ; HyL0>7
q = cos 20 sin (l{x ; liyLo),

Kz + Ky
2

t =

L07
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Eq. 6.10 can be expressed as

Pg (Z = LO)
1 T r T
=— |14 4/cos? N KyLO + cos? 20 sin® i I{yLO cos [ +IiyL0+¢
2 2 2 2
(6.11)
where
arccos , q>0
¢ _ p2+q>

—arccos ———, ¢ <0
VpP+e®

Although the expression is complicated, the square-root term corresponding to the slow-
varying component represents the modulation envelope, whereas the fast-varying compo-
nent, which corresponds to the power exchange in the directional coupler, has a varying

phase component which suggests that its period is also not constant.

To give a simpler example demonstrating this behavior, consider § = /4 where the

beating is most pronounced when F, and E, have equal amplitudes:

Pz (2= Lo) =P, cos (Z) + P, sin’ <Z>

4

1
= ) (P + Py)

17 Ky K
=3 _c052 (7[10) + cos® (%Loﬂ (6.12)
1 [1+ cos(rzLo) N 1+ cos (kyLg)
2 2 2

1 [ T T
=3 _1 + cos (li ;/{yLo) cos <,i 5 Kng)}

The second cosine term shows an additional modulation to the sinusoidal variation of the
splitting ratio with increasing interaction region length. This sinusoidal variation with
wavenumber (k; + k) /2 has a period between that of pure x- and y- polarised input, and
the modulation envelope has a wavenumber proportional to (k;-#,)/2. This additional

modulation is important to consider when using integrated photonic circuits comprising
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directional couplers with light of variable input polarisation state

Fig. 6.7 shows an example plot of normalised power in waveguide 2 as a function

of interaction length z for different input polarisations. The blue and orange curves

correspond to purely x- and y-polarised inputs, respectively, illustrating that the two
polarisations have different coupling lengths L. , and L., (indicated by the vertical dotted
lines). The green dashed curve shows the response for a 45° linearly polarised input, which
is a superposition of the contributions from the two polarisations and therefore exhibits

a beating envelope that reflects the difference between the coupling strengths for x- and
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Normalised Power in waveguide 2

Figure 6.7: Normalised power in waveguide 2 as a function of interaction length 2 for z-

polarised, y-polarised and 45° input states, illustrating the different coupling lengths L., and

L., and the resulting beating for the mixed-polarisation case. (k; = 1.83 rad/mm, K, =
1.58 rad/mm.)

6.2.3 Output polarisation state

Beyond the redistribution of optical power between waveguides, the directional coupler
also provides a platform in which the polarisation state itself can evolve in a non-trivial
manner. Polarisation-dependent coupling and phase accumulation gives rise to changes in
the output polarisation state [110]. At a high level, this behaviour can be understood as

the combined effect of amplitude evolution driven by evanescent coupling and phase evo-
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lution arising from waveguide birefringence. While the coupling interaction governs how
optical power is exchanged between the two waveguides, birefringence controls the rela-
tive phase between orthogonal polarisation components and therefore determines whether

linear input states remain linear or evolve into elliptical ones.

The polarisation behaviour can be represented using trajectories on the Poincaré
sphere, which provides a geometric visualisation of the polarisation state. For a fixed
input polarisation (linear at 45°), the polarisation state at each propagation position
is evaluated as a function of propagation through the interaction region, accounting
for polarisation-dependent coupling and waveguide birefringence. The corresponding
Stokes parameters are calculated and normalised, yielding a point on the surface of the
Poincaré sphere. Successive points trace out a trajectory that represents the evolution
of the polarisation state along the coupler up to the output of the coupler. In this
representation, trajectories confined to the equatorial plane correspond to purely linear
polarisation states, while deviations away from the equator indicate the generation of

elliptical polarisation.

As shown in Fig. 6.8, the birefringence-free case results in a trajectory confined to the
equator of the Poincaré sphere, demonstrating that polarisation-dependent coupling alone
modifies only the relative amplitudes of the orthogonal components and does not gener-
ate ellipticity. Introducing a finite birefringence leads to a progressive deviation of the
trajectory away from the equator, reflecting the accumulation of a relative phase between
the polarisation components and the resulting evolution toward elliptical polarisation. In-
creasing the magnitude of the birefringence enhances this effect, while the overall shape

of the trajectory remains governed by the coupling interaction.
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A =0.00 rad/mm
= == A3 =0.05rad/mm
=—==== A3 =0.10 rad/mm

Figure 6.8: Poincaré-sphere trajectories illustrating the effect of waveguide birefringence on
the output polarisation of a directional coupler for an input linear 45° polarisation. The solid
curve corresponds to the birefringence-free case (A8 = 0 rad/mm), for which the polarisation
evolution remains confined to the equatorial plane. Dashed curves show increasing birefringence
(AB = 0.05 and 0.10 rad/mm), which introduce a relative phase between the orthogonal
polarisation components and lead to the generation of elliptical polarisation. Markers indicate
the output polarisation at the end of the interaction region (z = 2 mm).

A full characterisation of the polarisation response of such couplers would require
independent measurements of the birefringence of the individual waveguides, together
with a detailed analysis of its interplay with polarisation-dependent coupling. The figure
should therefore be regarded as an illustrative example that highlights the qualitative role
of birefringence in the coupler, rather than as a complete description of a specific device,
which lies beyond the scope of the present study. Nevertheless, the results indicate that
directional couplers can act as versatile elements for manipulating polarisation on chip.
By appropriately engineering both coupling geometry and waveguide birefringence, such

structures could be exploited as compact polarisation transformers, enabling controlled
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polarisation rotation or the generation of elliptical and circular polarisation states. This
capability is of particular interest for polarisation-encoded optical communications and
integrated quantum photonics, where precise control of multiple degrees of freedom of

light is essential.

Finally, there exist interaction lengths for which the splitting ratio is independent of
the input polarisation. Polarisation independence occurs when Fy is independent of 6.

From Eq. 6.11, it can be observed that this occurs when

2nm

|Ka _’fy|

where 7 is any positive integer. This suggests that there is always some L for which the
splitting ratio is polarisation independent. For practical considerations, Ly should not be

exceedingly large, therefore the difference between k, and k, cannot be too small.
6.3 Experimental setup

6.3.1 Fabrication design and parameters

The waveguides were written with a single scan at 150 um depth from the surface, 8§ mm/s
scanning speed, and 110 nJ pulse energy measured at the objective pupil. These parameters
were found by optimising for the best transmission performance (minimising propagation

and coupling loss) as detailed in previous chapters.

After completion of the waveguide fabrication, the samples were polished by using a
sequence of 30 um, 9 um, 3 um and 1 um polishing films. A layer of at least 150 um

glass was polished off both the input and output facets of the chip.
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Figure 6.9: Schematic of the design of a fabricated directional coupler.

Fig. 6.9 shows a schematic for the design of fabricated directional couplers. Each
directional coupler was created by fabricating two waveguides separated by 88 um at the
input and output facets, then brought together in the middle of the sample with 8 um
separation in the interaction region. The S-Bends at either side of the interaction region
yield a 0.04 mm shift in the x-direction over a 4 mm length. This corresponds to each
section having a radius of curvature of 100 mm, which is chosen as sufficiently large to

minimise bend losses.

Multiple sets of directional couplers were fabricated with different interaction region
lengths from 2 mm to 10 mm in 0.5 mm steps to investigate variation of splitting ratio

between two arms when polarisation properties of input light were changed.

6.3.2 Characterisation

For directional coupler characterisation, the fibre was coupled to one of the input waveg-
uide arms. The splitting ratio of each directional coupler was then measured by integrating
over each output using pixel values obtained from the images captured with the CCD
camera. Fig. 6.10(a) shows the output facet of the primary and secondary waveguides
under LED illumination. Fig. 6.10(b) shows a sample image of the mode field for light
output from the directional coupler device captured with the CCD camera. The mode

field is slightly elliptical and can be approximated by a Gaussian. The 1/e? diameter is
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6.12 um in the x-direction and 6.82 um in the y-direction.

(a) 10pm

&

o

(b) 10pum

Figure 6.10: View of experiment measurements at the output end of a directional coupler:
(a) Output facet of primary and secondary waveguides under widefield microscope showing
the cross-section of fabricated waveguides which are non-circular and elongated along the y-
direction. (b) Microscopic image of laser light guiding modes at the two outputs.

6.4 Experimental results

Measurements of the variation of splitting ratio against interaction region length when
the input light had a linear input polarisation at different angles ¢ to the vertical y-axis
were obtained by integrating over the pixel intensities of the CCD images captured. It is
observed that the coupling variation had a maximum period when the input polarisation
¢ was at 0° and a minimum at 90°. The difference in period indicates a difference in the
coupling coefficient C, which is in agreement with the theoretical analysis presented in
Section 6.2. This observed polarisation dependence is common to all directional coupler

configurations provided there is a difference between r, and k.
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From the derivation in Section 6.2, it was shown that only x, and &, is needed to
know the variation for all other values of 6. The values for x, and k, are thus inferred
from the experimental data measured at 6 = 0° and 90° by fitting the measured data to a
sinusoid using Eq. 6.1 and minimising least-square errors, with an additional phase that
takes into account the coupling in the bend region that connects the input and output
to the interaction region, which corrects for the phase difference accumulated outside of
the interaction region and is constant regardless of interaction region lengths [111]. Let

the period of the fitted variation be T, then «, and &, are given by

2m d 2m (6.14)
Ky = and Ky = —. .
T, T,
The following figures presents the experimental data points and corresponding fitted
curves. The main source of measurement error arises from the coupling between the
fibre and the waveguide input. Measurements were performed on the set of directional

couplers for at least five times, and the measured data points are shown with error bars

which indicate the range of measured values.
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Figure 6.11: Splitting ratio against interaction region length of laser-written directional coupler
(DC) with input polarisation angle 0 (relative to the vertical symmetry axis), and ¢ at 0°. (a)
Measured splitting ratios and least-squares fitted sinusoidal curves for € at 0° and 90°. (b)
Measured splitting ratios and theoretical predicted curves for 6 at 30°, 45° and 60°. Error bars

indicate measurement errors.

Fig. 6.11(a) show the fitted sinusoidal curves for polarisation angles § = 0° and 6 =
90°, which are used to infer the values of k, and k, using Eq. 6.14. The values are found
to be k; = 1.83 rad/mm and k, = 1.58 rad/mm, which are typical of similar devices
in literature [112]. Fig. 6.11(b) shows the predicted curves for polarisation angles ¢ =
30°, 45° and 60° using Eq. 6.9. The results show that the curves predicted by theory

are in good agreement with the measured data. They are no longer sinusoidal at a single
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frequency. Over several cycles a reduction in the maximum modulation is observed and
the effect is most pronounced for a polarisation angle of 45°, which is exactly the case of
6 = m/4 as shown previously in Eq. 6.12. The sum of least-squares error for sinusoidal
curve fitting in Fig. 6.11(a) is 0.070, whereas the errors for the theoretical predictions in
Fig. 6.11(b) are 0.038, 0.029 and 0.020 respectively for 6 = 30°, 45° and 60°. This shows

that the theory matches the measured result with high accuracy.

To further verify the correctness of this understanding, another set of waveguides
were fabricated where the waveguide arms of the directional couplers that were slightly
offset such that they have the same separation distance d but are on different xz-planes
and at an angle ¢ from each other on the cross-section view (Fig. 6.3). By compensating
for the depth-dependent aberrations, the cross-sections of the waveguides is ensured to
remain uniform at different depths. Comparing results for in-plane and out-of-plane

directional couplers enables further understanding of the dependence on polarisation.

Fig. 6.12 presents the data for directional couplers with waveguide arms at ¢ = 90°
with the same separation distance d = 8 um. Similar to Fig. 6.11, the variation of
splitting ratio with respect to interaction length is sinusoidal at a single frequency when
the polarisation angles match the symmetry of the system, whilst in Fig. 6.12(b) the
maximum splitting ratio is modulated over several cycles, with the effect greatest for an
input linear polarisation at angle of ¢ = 45°. This confirms that the observed polarisation
phenomenon is generalisable to the out-of-plane geometrical configurations of directional

couplers.

124



(a) DC cross section — right arm

o
~
=

splitting ratio
(=}
w

o
o

interaction region length(mm)

(b) 0.6 - DC cross section — right arm 0
’ at¢=90°@- @

£30°
_300
i 45°
_450
I 600
7600

=)
W

<
~

splitting ratio
(e
W

o
()

0.1

0 1 2 3 - 5 6 7 8 9 10
interaction region length(mm)

Figure 6.12: Splitting ratio against interaction region length of laser-written directional coupler
with input polarisation angle 6 (relative to the vertical symmetry axis), and ¢ at 90°. (a) Measured
splitting ratios and least-squares fitted sinusoidal curves for 6 at 0° and 90°. (b) Measured
splitting ratios and theoretical predicted curves for 6 at 30°, 45° and 60°. Error bars indicate
measurement errors. Fig. 6.13 shows the case for ¢ = 45°, where the geometry of the interaction
region is effectively rotated by 45°. It is observed that the splitting ratios for polarisations at 6 =
45° and 135° now show sinusoidal variation with a single frequency, matching the principal axes
of the system. The values of x are found to be k45 = 1.80 rad/mm and k135> = 1.77 rad/mm.
The amplitude of the splitting ratio for angles not along the principal axes displays a modulation
similar to the case of ¢ = 0° in Fig. 6.11.

It is also observed that when ¢ = 90°, the splitting ratio has a limited upper bound

of around 0.5. From Fig. 6.12(a), the values of x are found to be x, = 3.73 rad/mm
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and K, = 3.56 rad/mm, approximately doubled from the case of ¢ = 0° in Fig. 6.11.
This is partially due to the asymmetry of the waveguides causing dephasing between the
coupling of the two waveguides. This effect is reflected by the o term in Eq. 6.1. As a
result, the amplitude of splitting ratio is reduced by a factor of o2, and the period of the
variation is also reduced by a factor of 0. The value of ¢ can be found by finding the ratio
between the amplitudes for the respective splitting ratios of ¢ = 0° and ¢ = 90°. This
gives 0, = 0.635 and o, = 0.671. From Fig. 6.10(a), noting that the modified refractive
index region of the fabricated waveguide cross-section was elongated along the y-direction.
Since the separation of the two waveguides from center to center is fixed at 8 um, the
modified refractive index region of the upper waveguide overlaps partially with the lower
one. This changes the refractive index profile in the interaction region between the two
waveguides and affects the mode shape, hence the coupling between the two arms is also
different. The measured values of x resulted from a combination of both effects.
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Figure 6.13: Splitting ratio against interaction region length of laser-written directional coupler
with input polarisation angle 6 (relative to the vertical y-axis), and ¢ at 45° dashed curves -
least-squares fitted sinusoidal curves for € at 45° and 135°% solid curve - theoretical predicted
curves for 6 at 90°. Error bars indicate measurement errors.

Given the experimental results as shown above, the proposed theory is able to correctly
predict the variation for arbitrary linear input polarisation given the geometry of the

directional couplers. A simple prediction procedure can be performed as follows: Firstly
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measure the k, and &, for any directional coupler geometry from finding the period of
variation for polarisation along the principal axes by minimising least-square errors of
data points for fitted sinusoidal curves. Eq. 6.9 is then used to infer the variation for all
other values of angle 6. This enables much quicker characterisation and verification of

directional coupler devices for more efficient prototyping and design processes.

Notably, the off-axis linearly polarised light gave the same power exchange for +0
and —0 states of polarisation. This is because the coupling is insensitive to the relative
phase information and is solely determined by the magnitude of principal components. It
is therefore predicted that for non-linearly polarised light, the variation can be predicted
by the same procedure, i.e. projecting to the principal components and calculating the
combined effect using Eq. 6.9. The phenomenon is also expected to showcase wavelength
dependency. In particular, as wavelength increases, the asymmetry from the device geom-
etry should be less significant, resulting in decreasing r,—ky, and the overall modulation
will also become less apparent. Conversely, the modulation should be more pronounced

at shorter wavelengths.

6.5 Conclusion and outlook for future work

In summary, a polarisation effect in directional couplers was analyzed theoretically and
observed in experiments where there is a modulation of the power splitting ratio of
monochromatic light in a directional coupler when the input polarisation does not align
with the principal axes of the geometrical configuration. It is also showed how differ-
ent geometrical configurations of relative angular offset affect this variation. Supported
by experimental results, this modulation phenomenon is generalisable to out-of-plane
geometrical configurations. The understanding is an important contribution to further
optimisations of fabrication parameters in 3D photonic circuits. Combined with ways of
controlling the birefringence of individual waveguides [113-115], this knowledge poten-
tially enables new designs of applications with additional polarisation related multiplexing

or integrated polarisation state readout, fully utilising the three-dimensional capabilities
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of FLDW.

There are several potential future directions that may be further explored. Firstly, it
would be illuminating to study and characterise the effect of shape birefringence on single
waveguides, and how this relates to the directional coupler geometry. There has been
substantial effort in creating circular cross-section waveguides for eliminating polarisation
dependence in waveguides, but not much has been reported on tuning and utilising shape
birefringence. This may open up new ways to control directional coupler behaviour
instead of relying solely on device geometry for more sophisticated polarisation control

and processing in integrated optical devices.
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CHAPTER 7

Conclusion and Outlook

This thesis has investigated femtosecond laser direct writing (FLDW) as a platform for
fabricating integrated photonic devices, with an emphasis on methods that expand the ac-
cessible design space of waveguides and provide greater control over their optical behaviour.
The work addressed three complementary challenges: how to improve the robustness of
fabrication close to device edges, how to design and realise complex cross-sections of mul-
tiscan waveguide arrays for their collective spatial mode control, and how to understand
and characterise polarisation- and angle-dependent effects in directional couplers. To-
gether, these studies highlight practical strategies that build on the established strengths
of FLDW and expand its potential for realising complex three-dimensional integrated

photonic devices.

The first contribution of the thesis was the demonstration of an in-situ fabrication
method to overcome the limitations imposed by edge aberrations in FLDW. Conven-
tionally, fabricated samples required polishing back the facet to expose usable interfaces,
which was time-consuming, error-prone, and hindered integration with external devices.
By applying an appropriate phase mask that restricted the fabrication beam to one half
of the objective aperture, waveguides could be fabricated up to the sample edges with-
out polishing. Characterisation showed that these waveguides exhibited guiding prop-
erties consistent with those produced by conventional procedures, confirming that the
new fabrication scheme effectively compensated for the edge aberration. This method

opens the door to fabrication in contexts where post-processing is undesirable, such as in
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pre-assembled packages or hybrid photonic systems, and thus addresses a key barrier to

practical deployment.

The second focus was the use of spherical phase-induced multiscan waveguides (SPIM-
WGs) as a route to engineering arbitrary cross-sections of waveguide arrays for spatial mode
control. Controlled spherical phase modulation enabled multiscan geometries to be writ-
ten with high precision, and numerical simulations established how separation, wavelength,
and geometry determine the supported modes. Both fibre-compatible symmetric arrays
and deliberately asymmetric arrays designed to couple to ppKTP modes were studied,
with the fabricated devices closely matching the predicted behaviour. This combination
of modelling and experiment demonstrates how cross-sectional design can be used as a
tool for creating devices that go beyond simple confinement, providing new opportunities

for mode conversion and spatial tailoring in integrated optics.

The third line of investigation explored polarisation and angle-dependent behaviour
in directional couplers, particularly when extended into three-dimensional out-of-plane
geometries. A theoretical description was developed to show how splitting ratios of
directional couplers vary with input polarisation, and experiments confirmed the predicted
modulation effects. Devices fabricated with angular offsets demonstrated that the same
behaviour extends to out-of-plane geometries, showing that the effect is not limited to
planar structures. These results highlight the importance of accounting for polarisation
in circuit design and point to ways in which it can be treated as a useful design parameter,
rather than an unwanted side effect, thereby adding an extra degree of control in integrated

photonics.

Viewed together, the three areas of investigation highlight different but intercon-
nected aspects of FLDW: removing practical constraints in device fabrication, expanding
flexibility in waveguide design, and deepening understanding of the behaviour of com-
plex photonic circuits. In combination, they demonstrate how laser-written devices can

evolve from simple waveguides towards complex, reliable, and functionally rich photonic
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systems. This progression fits within the wider trajectory of FLDW research, where
three-dimensional laser writing is increasingly being applied to reconfigurable and multi-
functional devices [116-118]. State-of-the-art demonstrations of high-fidelity processors
fabricated by femtosecond inscription now approach the performance of lithographic
platforms while retaining unique three-dimensional flexibility [119]. The work presented
here contributes to this broader progress by providing specific strategies for extending the

capabilities of the platform.

Looking forward, several promising directions for future research emerge. A natu-
ral next step is to scale device-level methods into larger integrated systems. Real-world
applications require multiple elements to be combined, such as converters, splitters, in-
terferometers, and phase shifters. The techniques demonstrated in this thesis can be
integrated to realise compact circuits that combine edge-optimised access, tailored cross-
sections of multiscan waveguide arrays, and polarisation-aware directional couplers. Such
developments would complement current efforts to build reconfigurable circuits with
low power consumption and reduced crosstalk [120], and point towards laser-written
systems that are not only functional but also scalable. In parallel, hybrid integration with
other photonic platforms remains essential for industrial deployment. FLDW is attractive
for prototyping and small-scale production because it is maskless, rapid, and inherently
three-dimensional. Scaling to industry, however, will require compatibility with existing
ecosystems. Recent demonstrations of hybrid devices, where laser-written waveguides di-
rectly interface with silicon photonics, illustrate how these approaches can be combined
[121]. Pursuing such hybrid strategies could enable co-packaged optics for data centres,
neuromorphic processors, or quantum networks, where three-dimensional geometries and
tailored modal control can provide functionality that complements lithographic platforms

[122].

Further opportunities lie in the continued development of SPIM-WGs as a flexible
tool for spatial mode engineering. The results presented here have shown that carefully

designed multiscan structures can reproduce both symmetric fibre-like modes and deliber-
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ately asymmetric profiles. Extending this approach to more intricate cross-sections could
enable devices that support higher-order spatial modes, including orbital angular momen-
tum states [123] and other structured light fields of interest such as optical skyrmions
[124], which are being explored for high-capacity communications and high-dimensional
optical processing [125]. Developing converters and mode shapers that can reliably access
these states would substantially broaden the scope of integrated photonics and provide a
route to compact devices capable of generating or manipulating structured light directly

on-chip.

Benchmarking and optimisation will also be important for translating these advances
toward practical deployment. The present work established qualitative agreement be-
tween modelling and experiment, but systematic quantitative studies of propagation loss,
coupling efficiency, and fabrication tolerance are needed to provide a stronger basis for
reproducibility and scalability. Establishing such benchmarks would allow rigorous com-
parison across designs and identify structures most robust to variation, as an essential
step in moving from laboratory demonstrations toward industrially relevant systems. At
the same time, comparing alternative fabrication methods will sharpen understanding of
where different approaches are best applied. Techniques such as the overlap-controlled
multi-scan method [126] provide another route to producing complex geometries and ex-
amining them alongside SPIM-WGs can clarify their respective strengths. In some cases,
hybrid strategies may combine the precision of multi-scan inscription with the design flex-
ibility of phase-modulated writing, opening further possibilities for structured waveguides

and customised mode profiles.

Finally, polarisation itself offers a distinct degree of freedom for future integrated
photonics. The characterisation carried out in this thesis has shown how directional
couplers exhibit systematic modulation when the input polarisation is varied, and that
these effects extend into out-of-plane geometries. Rather than treating such behaviour
as a limitation, it can be harnessed to provide additional channels for multiplexing, to

prepare and analyse polarisation states, and to enable polarisation-sensitive routing within
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larger circuits. Beyond communications [127] and quantum information processing [128],
polarisation control also has relevance for emerging areas such as topological photonics,
where the interplay between polarisation and spatial structure can be used to realise robust,
disorder-resistant transport [129]. Incorporating polarisation in this way would comple-
ment the advances in waveguide cross-section design, expanding the set of controllable

parameters for sophisticated three-dimensional photonic systems.

In conclusion, this thesis has demonstrated how FLDW can be advanced through edge-
aberration compensation, simulation-driven multiscan waveguide cross-sectional design,
and the characterisation of polarisation-dependent coupling. Together these contributions
extend the design space of integrated photonics and illustrate the versatility of FLDW
as a three-dimensional fabrication platform. By combining modelling, fabrication, and
characterisation, the work provides a basis for future developments. With continued
progress in device design, fabrication strategies, and system-level integration, femtosecond
laser writing is well positioned to play a central role in the next generation of optical

technologies.
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