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Abstract

A novel ultrafast direct laser writing (DLW) system using adaptive optics
is proposed and demonstrated. This system has the potential to gener-
ate high-quality three-dimensional (3D) optical waveguides and compo-
nents. The experimental setup and procedures for the DLW process are
studied, after which various optical waveguides are fabricated in differ-
ent transparent materials. The resulting waveguides are characterised by
the measurement of the near-field laser coupling profiles in combination
with optical microscopy techniques. Quantum random number generation
(QRNG) and the potential application of the DLW technique in quantum

information is also discussed.

To completely understand the fabrication procedures for the DLW system,
the experimental equipment and effects of different fabrication parameters
are studied and analysed. With the use of a liquid-crystal spatial light
modulator (SLM) in the DLW system, dynamic control of phase modula-
tion can be provided to correct aberrations adaptively. An SLM can also
make the cross-sectional profile of the written waveguides more circular
and facilitate the fabrication of more complex 3D structures. Experiments
reveal that the shape of the focal spot can be improved dramatically with

adaptive optics, resulting in higher-quality optical waveguides.

The refractive-index information of the written waveguides and their opti-

cal properties are measured using the propagation-mode near-field method



(PMNFM). Simulation results and experimental measurements of a com-
mercial single-mode fiber and a waveguide sample are demonstrated and
compared. Quantitative phase measurement is also applied via the trans-
port of intensity equation (TIE) to monitor the refractive-index change
during fabrication. The propagation losses of the waveguides are measured

and discussed.

Different optical waveguides are fabricated using DLW in fused silica,
potassium dihydrogen phosphate (KDP), and lithium niobate (LiNbO3)
crystals. Different materials have different characteristics and properties,
requiring different fabrication parameters and resulting in waveguides ex-
hibiting different properties. Waveguides at various depths are demon-
strated both with and without effects of adaptive optics. Experimental
results indicate great improvements in the quality of the written waveg-
uides after aberration correction. With an understanding of the optical
properties of the straight waveguides using the characterisation methods,
modelling and fabrication of bend waveguides and y-splitters are presented

and studied.

A high-speed QRNG system is also demonstrated in this thesis, with po-
tential implementation using the DLW technique for a more compact and
stable system. Finally, the possibility of the DLW fabrication of complex
3D optical components and their applications are discussed for future

work.
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Chapter 1

Introduction

This chapter provides an overview of the research projects and accomplishments dur-
ing my D. Phil. program, with a focus on understanding and demonstrating the
ultrafast direct laser writing (DLW) technique. The motivation behind the research
work is discussed, followed by a summary of the challenges. Finally, the organization

of the dissertation is presented.

1.1 Motivation

Currently, most optical waveguides are fabricated using silica-on-silicon for integrated
optics. The main challenge of this fabrication technique is its difficult formation pro-
cess of high-quality silica layer. Ultrafast direct laser writing (DLW) [1-3], which can
be used to generate three-dimensional (3D) waveguides and related optical elements
in a single monolithic transparent substrate, has recently attracted enormous research
interest. With its advantages of low cost, high flexibility and 3D capability, ultrafast
DLW has emerged as one of the most powerful micro-fabrication techniques for 3D
optical waveguides.

Typically, when an intense ultra-short pulse is focused into a transparent sub-

strate, the extremely-high focused energy causes a refractive-index change in the



material. This pulse-induced modification caused by nonlinear absorption is highly
confined in the focal region and deposits energy precisely within a sample regardless
of its geometry. As a result, waveguides can be fabricated at arbitrary position which
is impossible with traditional methods. Compared with other methods, the DLW
technique eliminates the requirements for accurate alignment and other complicated
manufacturing steps, facilitates the writing of complex structures and enables a truly
3D waveguide-fabrication process.

The DLW technique also avoids the use of expensive photolithography and clean-
room facilities. Despite the size reduction of optical devices and integrated circuits
over the past decade, the equipment used in the traditional fabrication process is
incredibly complex, large and expensive. The traditional equipment also requires
high energy consumption for the material processes and inconvenient maintenance
of a cleanroom. In contrast, the DLW approach is more efficient, using production
facilities that are less complex and have much lower costs. In addition, unlike the
fixed prototyping of other techniques, patterns used in DLW fabrication can be eas-
ily changed by modifying the shapes or traces of the foci. This results in reduced
cost of the prototype masks and greater flexibility for the design of integrated optical
circuits.

Similar ultrafast laser effects can be induced in different transparent materials,
making the DLW technique flexible for fabrication in many substrates. The fabrica-
tion parameters, such as the wavelength, pulse width, pulse energy, repetition rate,
focusing conditions and translation speed of the substrate, might vary among materi-
als. But they can be easily controlled and adjusted by software instead of changing the
hardware setup. Therefore, waveguide fabrication in compound substrates becomes
feasible with the DLW technique.

Despite its obvious advantages, the ultrafast DLW technique did not receive much

attention in the early years (before the 1990s). The development of the technique



was mainly limited by the ultrafast laser technology and a lack of understanding
of the underlying mechanisms. With the fast development of femtosecond lasers in
the 1990s, a laser-induced breakdown experiment in fused silica was first reported in
1994 [4], whereas the first DLW waveguide structures in glass were later demonstrated
in 1996 [1]. In the past decades, with advances in laser technology and increasing in-
terest in integrated circuits and microelectronics, significant progress has been made
in the field of ultrafast laser processing. Numerous high-quality optical waveguides
and components have been demonstrated using DLW [5-10], with comparable prop-
agation losses and mode profiles to those obtained with standard methods. The
industrial application of DLW becomes feasible. Advanced DLW facilities wider ap-
plications, such as optical communications and biophotonic applications [11], optical
interconnects [12], optical storage and memory [13,14], and quantum circuits [15-17],
have been explored in the past years. Ultrafast DLW offers a potential option for
more efficient manufacture of optoelectronics in the future.

Fabrication difficulties aside, another major challenge of DLW technique is the
characterisation of written waveguides. This provides important information for sys-
tem evaluation and is used to confirm whether the fabricated waveguides exhibit
properties as designed. The main characteristics include refractive index, optical
coupling, optical loss, polarisation, and nonlinear properties. Experimental evalua-
tion and validation are necessary because these characteristics are rather difficult to
determine theoretically. Characterisation results normally serve as feedback to the
design and the fabrication process, which is crucial for the modification and opti-
mization of the written waveguides. The characteristics of the waveguides can also
be used to select appropriate fabrication parameters and to evaluate the performance

of the designed DLW system.



1.2 Project Summary

The objective of the research is to fabricate and characterise optical waveguides with
the DLW technique using adaptive optics, to improve the fabrication quality in dif-
ferent materials and to explore potential applications of the written waveguides. My
research focuses on the design and improvement of the DLW fabrication system with
aberration correction, modelling and fabrication of optical waveguides in transparent
materials and using different analytical tools to well-characterise the written waveg-
uides. The research aims to better understand the DLW fabrication system with
proper control parameters and to continuously improve its performance. The major

challenges of the project are as follows:

1. Understanding the DLW system with adaptive optics
A novel DLW system with adaptive optics is proposed to further improve the
quality of fabricated waveguides. Different qualities and characteristics of the
written waveguide can be demonstrated through the effects of different fabri-
cation parameters, and a full understanding of the DLW system is required.
The objective of building a modelling-fabrication-characterisation cycle for the
fabrication process is restricted to the performance of the existing DLW system

and may also be affected by the accuracy of refractive-index prediction.

2. Characterisation of the waveguides
It is essential to characterise the refractive-index information of the written
waveguides, as they determine many important physical and transmission prop-
erties and give information about the fabrication process. Characteristics of
most published waveguides are estimated on the basis of the simple numerical
aperture (NA) method and cannot provide accurate refractive-index informa-
tion. Other properties such as geometric dimensions, optical coupling modes

and propagation loss are also very important and should be carefully investi-



gated.

3. Fabrication of optical waveguides in different materials
The shape of a focal spot is impaired by aberrations that greatly affect the DLW
quality. Aberration correction is needed to achieve improved-quality waveguides
at various depths with different geometries. Waveguides fabricated in different
materials require different parameters that should be carefully designed and
controlled during the process. The resulting waveguides normally display dif-
ferent properties and characteristics, which are important to know for further

fabrication.

4. Potential applications
There are numerous applications of the DLW technique in information technol-
ogy, including optical communications, optical interconnects and data storage.
Meanwhile, DLW also has the potential to allow miniaturisation of quantum
devices. For example, interferometers are widely used in quantum information
tasks such as quantum key distribution and quantum random number genera-
tion. With the DLW technique, interferometers can be fabricated as integrated
quantum devices on chips via waveguides. It is of great interest to investigate

the possible implementations of the DLW approach in quantum information.

In summary, the DLW fabrication system with adaptive optics eliminates aber-
rations inside different materials, thereby greatly improving the quality of the gener-
ated waveguides. The DLW technique simplifies manufacturing complexity, showing

a promising future for mass production and commercialisation in the long term.

1.3 Dissertation Organization

Chapter 2 reviews the background of the ultrafast DLW technique and evaluation

methods of optical waveguides. It contains necessary information for a better un-



derstanding of the DLW technique and its underlying mechanisms. An overview of
related and important DLW work is given, followed by detailed background informa-
tion on the methods characterising the fabricated waveguides.

Chapter 3 describes the DLW system with adaptive optics. It provides background
information for SLM-based aberration correction in the DLW system. Descriptions
of the experimental setup and procedures are presented, together with a discussion of
the related system parameters. The concepts of plasma sensing and Shack—Hartmann
wavefront correction are then explained and their experimental results are discussed.

Chapter 4 presents the measurement procedures for the characterisation of the di-
rect laser written waveguides. Accurate characterisation is essential for the fabrication
of high-quality optical waveguides. To better understand the optical properties of the
written waveguides, different measurement methods (including propagation-mode-
near-field, equivalent-step-index and quantitative phase microscopy) for refractive-
index estimation are studied and compared. In addition, the experimental setup
and procedures for waveguides analysis are described. The simulation and experi-
mental verification of the refractive-index information can be used to determine the
transmission properties of optical waveguides and provide useful information for the
fabrication process.

Chapter 5 presents the fabrication of different waveguides in fused silica. Aberra-
tion correction has been applied for waveguides deep into the surface. Bend waveg-
uides and y-splitters are then modelled and fabricated in silica glasses, with a discus-
sion of bend losses at different radii. Finally, multi-spot DLW results are presented
and discussed.

Chapter 6 demonstrates waveguides fabricated in the potassium dihydrogen phos-
phate (KDP) crystal, which has different properties from those of fused silica. Two
types of optical waveguides are introduced, with a discussion in their structures and

characteristics. This is then followed by a description of the experimental setup and



processes that are applied to create two types of structures capable of guiding light. A
brief demonstration of optical waveguides in LiNbO3 reveals that the adaptive optics
offers an improved quality in materials with high refractive indices.

Chapter 7 describes a quantum random number generation (QRNG) system with
a speed that is one order of magnitude higher than the current state-of-the-art. The
implementation of a stable interferometer is crucial in the design, which pushes the
random bit rate up to 68 Gbps. Proper data post-processing algorithms are presented
and discussed. Although there is no direct link between the proposed QRNG system
and the DLW technique, QRNG can eventually be integrated onto a chip using DLW
to realize a more compact and stable interferometer.

Chapter 8 summarises the dissertation and presents its conclusions. Suggestions
and ideas are proposed and discussed for future research in the field of ultrafast laser

writing in various transparent dielectric materials.



Chapter 2

Background on Waveguide

Fabrication and Characterisation

This chapter begins with a description of modification mechanisms of the ultra-
fast direct laser writing (DLW). The underlying physics is explained, including how
refractive-index change is induced by the laser pulses. Different laser fabrication meth-
ods and fabrication parameters are reviewed and compared, followed by an overview
of optical waveguides and devices using DLW in different materials. Finally, a review
of characterisation techniques and measurement procedures for optical waveguides is

described, with a focus on the methods for measuring the refractive-index profile.

2.1 Refractive-Index Modification

Laser-induced refractive-index changes in transparent materials were first discovered
in the early-to-mid 1970s [18,19]. The experimental demonstration by Hill’s group
showed that the photosensitivity obtained in the Ge-doped optical fibers could be
manifested by a blue laser and could be employed to fabricate a distributed Bragg
reflector as a laser mirror. Later, more studies revealed that the refractive-index

change induced by laser was mainly caused by a nonlinear absorption process. Un-



fortunately, strong laser absorption was needed for the effect to take place, which
limited the fabrication process to certain materials. In addition, the refractive-index
change was too small to be used for practical applications at that time.

Much higher refractive-index changes were able to be induced by the DLW tech-
nique in the 1990s with the fast development of ultrafast lasers. Compared with
the earlier laser processing technique, an ultrafast laser - normally in the range of
femtosecond with nonlinear laser processing effect - has advantages in creating less
collateral damage, fabricating devices inside bulk specimens and being able to work
in more materials. Ultrafast laser micromachining was first reported in 1994 [4], when
a femtosecond laser was used to demonstrate laser-induced breakdown experiments
in fused silica. Despite the success in fabricating various devices using a femtosecond
laser, the underlying mechanisms are very complex and remain uncertain. Normally,
the mechanisms of the refractive-index change induced by a femtosecond laser can be
divided into two steps: energy absorption and energy dissipation.

The energy absorption process can be described as follows. At the beginning,
electrons in dielectrics are normally strongly-bounded to their parent atoms. However,
when an intense ultrashort (normally tens or hundreds of femtoseconds) laser pulse
is focused onto the surface of a transparent dielectric material, a number of electrons
will be freed from the valence band through the nonlinear ionization. These pulses
have very high peak power with relatively low total energies, allowing efficient, highly-
nonlinear processing. There are two classes of excitation mechanisms: photoionization
and avalanche ionization. Photoionization is a mixture of multiphoton and tunneling
ionization. Multiphoton ionization normally occurs at higher laser frequencies with
simultaneous absorption of m photons. Tunneling ionization appears at strong laser
field when valence electrons tunnel to the conduction band because of the suppressed
Coulomb potential energy barrier. Depending on the laser frequency and intensity,

multiphoton ionization usually dominates over tunneling ionization in femtosecond



laser interaction with dielectrics.

Once the initial free electrons are generated, more electrons are freed followed by
the avalanche process. A free electron continues to gain more energy to higher energy
states in the conduction band by absorbing photons through inverse Bremsstrahlung.
When its total energy exceeds the minimum conduction band by more than the
band gap energy, the initial free electron can ionize another electron from its valence
band. This results in two free electrons that can continue absorbing more energy and
generate more free electrons.

The electronic plasma formed by multiphoton and avalanche ionization can absorb
the laser energy efficiently if its density exceeding some critical value. A large portion
of the laser energy will be absorbed in the focal volume, which leads to ultrafast
ablation in the material with minimal thermal affection to the surrounding area.

The energy absorption process is well-understood [20-22] while the energy dissi-
pation process is not. There are a few possible explanations, but none of them is
fully accepted. The dissipation process is very complex and highly depends on the
material and laser parameters. Thermal diffusion is widely believed to be one of the
main cooling mechanisms in the case of high repetition rate laser-writing.

The energy deposited by the laser first melts the material in the focal area. Sub-
sequently, rapid re-solidification dynamics cools the material in the high temperature
state. This leads to density and refractive-index changes in the material [22].

For low repetition-rate laser-writing, it is possible that there is too much time
between laser pulses for the temperature of the surrounding material to increase. A
coulomb explosion may be introduced by the laser pulses [23], which may generate
a shockwave [24] within the material. The shockwave would then take energy away
from the focal region, compress the surrounding material and result in refractive-index
changes. Unfortunately, these explanations are far from certain, and the underlying

principles of the energy dissipation process have not been confirmed.
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2.2 Fabrication Methods and Parameters

The refractive-index modifications induced by ultrafast lasers depend both on the
irradiation parameters (focusing conditions, wavelength, pulse energy, repetition rate,
pulse duration, etc.) and on the material properties (band gap, dispersion, ionization
rates, thermal conductivity, etc.). The main parameters during the fabrication process
are the laser wavelength, pulse repetition rate, width and energy, writing speed and
focusing conditions.

There are normally two types of refractive-index changes induced by femtosecond
lasers. A type I waveguide produces weak damage at the focal area, leading to a
smooth refractive-index modification while maintaining uniformity and good optical
quality (Figure 2.1). As the refractive-index change is created in the focal volume,
the optical mode is guiding through the fabricated track (Figure 2.1(c)). Type I
waveguides can be obtained simply by scanning the sample with ultrafast laser pulses
and have been demonstrated in a number of different materials. However, type I
waveguides in some crystals (LINbO3 or ZnSe for example) can deteriorate or even be
removed completely after heating. This might be because the refractive-index change
typically requires an increase in the material density, which is difficult to achieve
in some materials with crystalline structure due to the large positional order of the
lattice.

A type Il waveguide comprises the generation of a severe damage track along
the propagation direction with a longer focal volume (Figure 2.1). Unlike those of
type I, refractive-index changes of type II waveguides are obtained adjacent to the
modification area. A double-line structure is widely used for type II waveguides,
confining the guiding light between the two fabricated lines (Figure 2.1(f)). Type
IT waveguides have been reported in a number of crystals (Nd:YAG, LiNbO3 and
Nd:GGG, etc.) and are shown to be stable at high temperatures.

Pulse repetition rate is an important parameter for the DLW fabrication. Nor-
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(a) Type I top-down view (b) Type I cross-section view (¢) Type I mode

(d) Type II top-down view (e) Type II cross-section view (f) Type IT mode

Figure 2.1: Microscope and mode images of type I and type II waveguides under
transmission microscope (with slight defocus). (a)(d) fabricated waveguide top-down
view; (b)(e) fabricated waveguide cross-section view; (c¢)(f)the coupling optical mode
at the end of the waveguide.
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mally, high-repetition rate is defined as laser writing in which “substantial thermal
accumulation occurs between subsequent laser pulses, affecting the modification pro-
cess.” However, it is difficult to clarify “substantial thermal accumulation”. Also,
the definition of repetition rate is material-dependent and changes with other writing
parameters. Generally speaking, megahertz systems are considered as high-repetition
rate whereas kilohertz system is low-repetition rate. Although the underlying reason
is still unclear, different repetition rates result in different effects in different mate-
rials. For example, megahertz systems have better performances in some materials,
whereas kilohertz systems are preferred in others. Thus, the laser type should be
carefully chosen depending on the material and experimental observations.

For pulses longer than tens of picoseconds, more time is allowed for exponential
growth of the electron density for avalanche ionization. In this case, photoionization
induced by high laser intensity is not required to obtain the initial seed electrons.
Conversely, for short pulses, nonlinear absorption occurs on a short time scale be-
fore the energy transfer, and the initial electrons mainly come from photoionization.
Demonstrations have shown that short-pulse (femtosecond) lasers can generate more
confined waveguides and deposit less energy than long-pulse ones. Thus, femtosecond
lasers are normally used nowadays for DLW.

The pulse energy should also be carefully adjusted during DLW fabrication. The
refractive-index modification has a highly nonlinear relationship with the intensity,

I, which is related to the pulse energy, E, as follows:
E=1ITA (2.1)

where 7 is the temporal pulse width, A is the exposed area. Sometimes, the pulse

fluence (J/cm?), F, is used to describe the fabrication pulse energy instead of E:

P % e (2.2)



Sufficient pulse energy (fluence) should be applied in order to modify the material.
However, severe damage may occur if the pulse energy (fluence) is too high, resulting
in limited light-guiding. The required pulse energy varies from material to material,
and a typical energy for a 100 fs laser is approximately a few pJ.

There are two writing geometries for the DLW system: longitudinal and trans-
verse, depending on whether the sample is moved parallel or perpendicularly to the
beam-propagation direction. DLW was first developed using the longitudinal writ-
ing direction, i.e. along the z-axis, as shown in Figure 2.2. The cross-section of
the fabricated waveguide is circular (on the x and y-axes) because a focused Gaus-
sian beam is initially symmetric (Figure 2.3(a)). However, the writing length of the
waveguide along the z-axis is limited by the working distance of the microscope ob-
jective. Transverse writing, on the other hand, allows arbitrary waveguide writing
length in the plane (along the x or y-axis) perpendicular to the laser beam, giving
more flexibility to the DLW fabrication of three-dimensional (3D) waveguides. How-
ever, transverse writing usually has an elliptical profile, resulting from the difference
between the Gaussian beam waist (the x or y-axis) and the confocal parameter (the
z-axis). This elongation leads to an asymmetric cross-section (Figure 2.3(b)) that
can be reduced using high numerical aperture (NA) objectives. Unfortunately, the
working distance of the microscope objectives decreases as the NA increases. More-
over, high NA results in tightly focused-beam, leading to smaller waveguide sizes.
Therefore, there is normally a trade-off between the symmetry of the cross-section
and the NA.

Other parameters such as writing speed, writing patterns and focusing conditions
are all essential for the DLW system, and should be carefully chosen during the fabri-
cation process. The most popular and widely used lasers for DLW are regeneratively
amplified 100-200 fs Ti:sapphire lasers with 1-200 kHz repetition rate. These low-

frequency systems can fabricate waveguides in many different materials, but have
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Figure 2.2: Direct laser writing geometries: longitudinal writing along z-axis and
transverse writing along x or y-axis.
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Figure 2.3: Circular and elliptical Gaussian focal spot of longitudinal and transverse
writing.
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Figure 2.4: Schematic diagram of a typical DLW system.

limited writing speed (10-100 ym/s) and small refractive-index changes (1-2x103).

2.3 Optical Devices Fabricated by Ultrafast Lasers

A diagram of a typical DLW setup is shown in Figure 2.4. A refractive-index change in
the focal region occurs when an intense ultra-short pulse is focused into a transparent
material. By moving the focal point inside the substrate, refractive index can be
modified in 3D accordingly, and can be used for the fabrication of optical lenses,
gratings and other components.

Many different DLW systems and fabrication procedures [5-7,9,10,25] have been
reported in the past decade. The first 1x2 y-splitter was presented in [26], in which
refractive-index changes of 3 x 1072 in pure fused silica and 5 x 10~% in boron-doped
fused silica were obtained. The demonstrated splitter with an angle of 0.5° could split
approximately equal amounts of input signal at 514.5 nm into two arms (shown in
Figure 2.5). However, no details such as the transmission loss, exact splitting ratio,

or transmission modes of the written y-splitter were provided in the paper.
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Figure 2.5: First demonstration of a 1x2 y-splitter fabricated using DLW in pure
fused silica guiding 514.5 nm light. Reprint with permission from [26].
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Figure 2.6: Schematic diagrams of a DLW 1x8 optical splitter and its far-field pat-
terns. Reprint with permission from [6].

Liu et al. reported high-quality power splitters in fused silica by implementing a
multi-scan technique [6]. Figure 2.6 shows the schematic design of a 1x8 splitter, con-
sisting of three cascading 1x2 splitters. All the radii of curvature (R) were carefully
designed to avoid significant bend loss. Double-scan writing with an inter-scan shift
of 1.5 yum was applied in the fabrication of the splitters. The written y-splitter was
operating in a single mode at 1,550 nm and the additional splitting loss per junction
was estimated to be 0.5 dB. An average insertion loss (IL) of 16.39 dB was measured
for a 1x8 splitter and 6.72 dB for a 1x2 splitter, as displayed in Table 2.1. The
far-field patterns of the written splitter were neither very circular nor uniform, which
could be a serious concern for the design of a high-quality splitter.

A 3D DLW 1x4 splitter was first demonstrated in a glass by Sakakura et al. [10], in

which Lap =5 mm, Lgc =10 mm and Leop = 5 mm (Figure 2.7). Multiple focal spots
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Type Average IL (dB) IL uniformity (maximum) (dB)
1x8 splitter 16.39 1.09
1x4 splitter 10.10 1.56
1x2 splitter 6.72 0.12
Straight waveguide 3.45

Table 2.1: Measurement results for 1x2, 1x4 and 1x8 optical waveguide power
splitters with the double-scan writing. Reprint with permission from [6].

were generated by phase modulation using a spatial light modulator (SLM), as shown
in Figure 2.7(c). The transversal separation of the splitter was approximately 86 pm,
while the vertical separation was approximately 91 pum, as shown in Figure 2.7(d).
Note that the waveguide structure was highly elongated, which greatly reduced the
quality of the guiding mode (Figure 2.7(e)). Losses of this 1x4 splitter were not
evaluated in the paper and further investigation was needed to optimise the structure
of the splitter.

The DLW technology has also been successfully applied to the fabrication of
waveguide Bragg grating (WBG). A weak WBG was fabricated in [27] with —3.5
dB transmission, where a phase mask was used to generate the interference fringe
pattern. The channel waveguide was exposed under the fringe pattern to fabricate
the grating. Reference [7] demonstrated the feasibility of —12 dB transmission Bragg
gratings with a reflection bandwidth of 0.76 nm.

Waveguides fabricated using DLW have also been demonstrated in many different
materials, such as lithium niobate (LiNbOj3), potassium titanyl phosphate (KTP),
bismuth germanate (BGO), etc. LiNbOj is a well-known nonlinear crystal with many
photonic applications and one of the first-investigated crystals for the DLW technique.
The origins of DLW modification in LiNbO3 were studied and discussed in [28], where
two different types of waveguides (type I and type II) were demonstrated. Figure 2.8

shows the refractive-index modification profiles and guided optical modes of type I
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Figure 2.7: A 3D 1x4 splitter fabricated using DLW. (a) 3D view of the fabricated 1x4
splitter; (b) multiple focal spots for writing the splitter; (c¢) cross-section image of the
splitter; (d) the intensity distribution of the guided mode. Reprint with permission
from [10].
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Figure 2.8: Type I and type II waveguides fabricated in LiNbO3 using DLW at a fixed
pulse energy of 0.2 uJ. (a) type I extraordinary refractive-index profile; (b) guided
mode at 633 nm for a pulse duration of 220 fs (type I); (c¢) type II extraordinary
refractive-index profile; (d) guided mode at 633 nm for a pulse duration of 1.1 ps
(type II). Reprint with permission from [28].

and type II waveguides in LiNbO3.

A type I y-splitter was fabricated in LiNbOs in [29], with a loss of ~ 1 dB/cm
at 632.8 nm and a splitting ratio of 1.1:1. However, as the refractive index of the
LiNbOj crystal (n & 2.2 at 790 nm) is significantly higher than that of fused silica, the
spherical aberration is more severe, causing significant defocus and focal distortion.
As shown in Figure 2.9, the cross-section of the written splitter was highly elongated,
resulting in poorly-guided modes.

As type I waveguides in LiNbOjs; are not stable after low-temperature anneal-
ing or even at room temperature, type II waveguides have also been investigated

in LiNbO3 and other crystals [28-31]. Type II waveguides normally have larger

refractive-index variation than type I waveguides, and the guiding region is located
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Figure 2.9: A type I y-splitter fabricated in LiNbOj3 using DLW. (a) schematic layout
of the y-splitter; (b) cross-section image of the y-splitter; (c¢) guided modes of the
y-splitter. Reprint with permission from [29].
within the refractive-index change between two parallel traces.

In addition, extensive research has triggered the development of the DLW tech-

nique in different applications, such as optical interconnects [12], quantum circuits [15—

17], optical communications [11], etc.

2.4 Characterisation of Optical Waveguides

Optical waveguides are normally defined as structures that guide optical signals in a
confined region, which usually has higher refractive index than its surrounding area.
Different characterisation methodologies have been implemented to better understand
the properties of the fabricated waveguides, such as geometric dimensions, optical cou-
pling modes, refractive-index profiles and propagation losses. Theoretical simulation
and experimental measurements can provide important data to evaluate a DLW sys-

tem and fabricated waveguides. The evaluation results can then be used as the basis
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for further simulation and modelling of devices, and can also be applied as feedback
signals to the fabrication process. Characterisation results can help to improve the

performance of the DLW system and optimise the quality of the waveguides.

2.4.1 Geometric Measurement

The dimensions and structure of a fabricated waveguide are important characteristics
to determine the light propagation inside a guiding region. Both the material con-
ditions (flatness, cleanness, surface defects, side wall roughness, etc.) and waveguide
dimensions (thickness, depth, cross-section, length, etc.) greatly affect the perfor-
mance of the waveguide. For example, the surface flatness (cleanness) contributes
to the scattering loss, whereas the thickness of the waveguide (together with the
refractive-index difference) limits the cutoff wavelength. The dimensions of a waveg-
uide also determines the properties of its guiding modes.

Waveguides fabricated by DLW usually have dimensions of a few pum, which should
be inspected by equipment with a high resolution and magnification. Because the
stylus of a surface profiler may scratch the waveguide during its scanning, without
high-accuracy requirement, an optical microscope is normally used for waveguide
observation and measurement.

A sample written with optical waveguides is first inspected under a high-quality
microscope for its physical appearance, such as the surface cleanness, flatness, scratches
and jaggedness at the edges (Figure 2.10). In most cases, these defects can be re-
moved by cleaning or polishing the surface. However, some of the surface defects
may result in more scattered light and cause additional losses. Once the surface and
edges are inspected and cleaned, the thickness, depth, length and cross-section of
the fabricated waveguide should be carefully measured under the microscope. These
measurement and inspection results provide useful information for the understanding

of the waveguides.
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(a) surface and edge (b) top-down view (¢) cross-section view

Figure 2.10: Microscope images of fabricated waveguides. Observation of the surface
and edge quality, top-down and cross-sectional views.
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Figure 2.11: Mode coupling between two waveguides. Reprint with permission
from [32].

2.4.2 Coupling into Waveguides

Coupling light into an optical waveguide is widely used to evaluate the character-
istics and performance of a waveguide. The fundamental mode of a weakly-guiding
waveguide is approximately Gaussian in shape. Normally, it is called end-fire coupling
when the Gaussian beam is coupled from a laser into a waveguide, and butt coupling
from one waveguide mode into another. In most cases, the input mode has different
dimensions from the output one, as shown in Figure 2.11. The coupling efficiency is
determined by the overlapping of the two modes.

When the output mode of the laser is not Gaussian-shaped, the light can be
coupled into fiber first, reshaping the beam into Gaussian mode. The reshaped output
is then coupled into a waveguide sample, either by using an objective lens focused
onto the waveguide end or by direct butt-coupling (Figure 2.12). Note that the end

surface of the waveguide should be carefully polished to ensure minimum loss.
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Figure 2.12: End-fire coupling and butt coupling between laser, fiber and a waveguide
sample. The fiber end can coupled into the waveguide with or without Objective2 in
the dotted box. The output mode is then captured by the CCD camera.

The output mode of the waveguide is finally captured by using a long-working
distance (LWD) microscope objective lens attached to a charge-coupled device (CCD)
camera, as shown in Figure 2.12. The measured near-field mode from the CCD camera
can be used for the refractive-index evaluation. Coupling between different modes is
very sensitive to angles and position alignments. Therefore, in the experimental setup,
all the objectives, the fiber and the waveguide sample should be mounted on top of

high-precision stages in order to achieve stable and accurate alignment.

2.4.3 Refractive-Index Measurement

The refractive-index distribution of an optical waveguide plays an important role in
determining its physical and transmission properties. Many different methods and
techniques have been proposed for determining index profiles on the basis of different
principles [33-37]. The reflection method, which was first proposed in [38], is simple
and straightforward. The reflectivity, R, is defined as the ratio of reflected light

power, P, to incident light power, P;:

)* (2.3)

where n, is the refractive-index distribution to be measured.
The reflected power P, from the surface of the sample is directly related to the

refractive index n,.. If the reflectivity of the cladding, R., is known, it can be used as
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Figure 2.13: Experimental setup for the reflection method. Reprint with permission
from [38].

a reference:
ng — 1

R.=— =
(n0+1

)* (2.4)

where P, and ng are the reflected light power and refractive index of the cladding.
From Equation (2.3) and (2.4), the refractive-index difference An, can be calcu-
lated as:

(ng — (/7 — 1)

0m+D—0m—D¢§

Figure 2.13 shows the experimental setup for the reflection method. If the light

(2.5)

An, =n, —ng =

powers from different spots on the sample end are scanned and measured, the refractive-
index profile can be obtained. The prism and A/4 waveplate are used to eliminate
the reflected light from surfaces other than the sample’s, which helps to collect the
reflected light from the sample’s surface more effectively.

The theory behind the reflection method is simple but not applicable in practice.
According to the method, first, the end face of the sample needs to be well-cut and
shaped. The method is also very sensitive to any dust or dirt on the surface. Because
of the small refractive-index change between the core and the cladding, the amount
of power change is also small. The reflection method requires very high accuracy in
the measurement of the reflected light.

The interferometric slab method is also widely used because of its high accu-
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racy [33,36]. When the light passes through a sample, the phase retardation ¢, can
be written as follows:

(br = ]{70[/ = konrd (26)

where kq is the free space wavenumber, L is the optical path length and d is the
slab thickness. For the measurement shown in Figure 2.14(a), two arms form an
interferometer: one of the arms passes through a slab sample, and the other arm
passes through a reference slab with a refractive index ny equivalent to that of the
cladding. Because the two paths go through different optical lengths (with different
refractive indices), an interference fringe is created, as shown in Figure 2.14(b). The

fringe spacing, D, corresponds to a relative phase shift, 2r. Therefore, for a fringe

shift .S,
2 ko(n, —ng)d
=2 2.
5 S (2.7)
The resulting refractive-index difference An, can be calculated as follows:
koS, A0Sy
fr =m0 T 52 Dbd T Dd (2:8)

where \q is the laser vacuum wavelength.

The thickness of the entire slab needs to be within a fraction of the wavelength,
because of its sensitivity to phase change. Unfortunately, this is difficult to achieve
in practice and is the major drawback of the interferometric slab method.

A more practical technique for refractive-index measurement is the propagation-
mode near-field method (PMNFM) [37,39,40], which was first proposed in [37]. This
method is effective for small and weakly-guiding waveguides, especially for single-
mode waveguides. The method can also be applied to multimode waveguides if only
the fundamental mode is excited. By applying the PMNFM, the refractive-index pro-
file can be obtained from the measurement of the near-field pattern of a propagating

mode, which has a field distribution of v, from the output end face of the waveguide.
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Figure 2.14: Schematic diagrams of the interferometric slab method. Reprint with
permission from [36].
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For a weakly-guiding waveguide, if the refractive index depends only on the distance
from the center axis, if the permeability of the medium is homogenous and equal to
that of vacuum, and if only the fundamental mode is excited, n, is a function of .

and r [37,39]:
1 1dy, n d*ip,
2nokdp, 1 dr dr?

)+ C (2.9)

n, =

where n, is the refractive-index distribution, ng is the substrate refractive index, kg is
the wavenumber in vacuum, ¢, is the near-field mode distribution, r is the distance
from center axis, and C' is a constant that can be measured by experiment. The
details of the PMNFM theory are discussed in Chapter 4. The measured intensity
distribution is smoothed by a local least-squares method using a curve of third-order
in [37]. The refractive-index profile is calculated from the smoothed intensity distri-
bution and shown in Figure 2.15(a). The dot-dash curve in Figure 2.15(b) displays
the difference between the measured intensity distribution and the calculated inten-
sity distribution for the refractive-index profile in Figure 2.15(a). The results indicate
that there is only approximately a 0.5% difference between the measured intensity
and the calculated one.

After comparing different techniques used for refractive-index profile evaluation, it
is concluded that the PMNFM is the simplest and most practical method. However,
because of its high-sensitivity to noise, further data post-processing algorithms are

still required for better smoothing.

2.4.4 Propagation Loss

The propagation loss of an optical waveguide is one of its most important characteris-
tics. Obviously, a highly-lossy waveguide cannot be used in practical applications. In
general, three major mechanisms contribute to the propagation loss of a waveguide:

light radiation (mode conversion), material absorption and scattering loss [41].
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Figure 2.15: Measurement results of a single-mode fiber using the propagation-mode
near-field method (PMNFM). Reprint with permission from [37].

The electromagnetic field can be confined in the center core when the propagation
constant of the guided mode [ is much larger than that of the substrate (fy). If
B =~ [y, the light radiation occurs and the energy is dispersed from the core into the
surrounding substrate. Normally, light radiation loss takes place when the refractive-
index difference or the waveguide thickness is too small to meet the condition of
B > [y. Energy loss also occurs when there is mode transformation during the
propagation, such as bend waveguides or the inhomogeneity of the refractive index.

In addition, the imparities, defects, or doped ions inside materials of waveguides
may absorb the light during propagation. The absorption loss sometimes is limited
to certain wavelength ranges by different types of materials. The scattering loss
mainly comes from the imperfections between the interfaces or inside the waveguides.
As shown in Figure 2.16, defects of the material, such as surface roughness, cracks,
dust, imperfections between substrate and waveguide interface, all contribute to the
propagation loss.

The power remaining when propagating through an optical waveguide along the
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Figure 2.16: Major sources of propagation loss. (a) propagation loss by light radiation;
(b) propagation loss by absorption; (c¢) propagation loss by scattering. Reprint with
permission from [41].
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beam propagation direction (the z-axis) can be defined as follows:
I(z) = Iy x 1010 (2.10)

Here, I is the initial input power, I(z) is the power transmitted through the waveguide
along the z-axis (cm), and « is the attenuation coefficient of the waveguide, presented

in decibels per centimeter (dB/cm). The loss, L, is defined as follows (in dB):

L(dB) = —101og(¥) (2.11)

0

The cutback method is the most commonly used technique for attenuation mea-
surement in optical waveguides. This method couples the light into a waveguide, and
measures the output intensity of the light emitted from its end-face. The waveguide
is then cleaved or end-polished to obtain a shorter waveguide and the same measure-
ment is repeated. Based on the length difference between several measurements, the
propagation loss can be estimated. The cutback method is quite accurate and stable,
however, is a destructive method.

Scattered-light measurement is a non-destructive method for measuring the prop-
agation loss. A high-powered laser beam is coupled into a waveguide, and a high-
precision camera is used to take the top-down view of the sample (Figure 2.17(a)). The
scattered light intensity can be recorded and plotted as a function of distance along
the beam-propagation direction (an example shown in Figure 2.17(b)). An experi-
mental image is shown in Figure 2.17(c). However, this method is extremely sensitive
to errors that may cause the change of scattered light, such as the imperfections inside
the waveguide, surface roughness or dust. Therefore, multiple measurements should
be applied to minimise the errors. Note that the camera should have high quality in
order to capture the intensity difference and eliminate the background noise.

A straightforward method for propagation-loss estimation is direct measurement
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Figure 2.17: Scattered light measurement. (a) Schematic diagram of the scattered
light measurement; (b) Intensity ratio change along the beam-propagation direction;
(c) Experimental setup for the scattered light measurement.
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of the intensity difference between the input and output. Limited by the size of
the guided mode, measurement may be sensitive to background noises and other

scattering losses. Careful calibration and data processing are required for this method.
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Chapter 3

Ultrafast Direct Laser Writing

System with Adaptive Optics

This chapter begins with a brief introduction to the use of a spatial light modulator
(SLM), which provides dynamic control of phase modulation to correct aberrations
adaptively. The SLM also helps to improve the cross-section of the written waveguides
and facilitates the fabrication of more complex waveguide structures by beam-shaping
and steering. After a detail description of the adaptive direct laser writing (DLW)
system with the SLM, the experimental fabrication procedures are described. Two dif-
ferent SLM-based methods for aberration correction, namely Shack-Hartmann wave-
front sensing and plasma emission aberration sensing, are introduced in this chapter
together with their experimental results. It is demonstrated that the quality of the fo-
cal spot is improved dramatically by applying the plasma emission aberration sensing

method, which allows the fabrication of high-quality waveguides.

3.1 Introduction

Over the past decade, with the rapid development of ultrafast lasers and improved

understanding of the laser fabrication mechanisms, different ultrafast DLW systems
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have been proposed and demonstrated for the fabrication of various optical waveguides
and other devices in different materials. The properties of the written waveguides are
dependent on numerous parameters of the DLW system, such as its pulse energy,
repetition rate, pulse duration, wavelength, fabrication speed, and the properties of
the substrate material.

For all types of DLW systems, aberration correction is always essential during the
fabrication process because the quality of waveguides is greatly affected by the focal
spot. Ideally, a small and symmetric focus should be used for laser fabrication, but
in many cases the shape of the focus is impaired by aberrations. The most common
cause of aberrations is the refractive-index mismatch between the objective immersion
medium and the processed material.

An aberrated focus leads to asymmetric cross-section of the waveguide. This
asymmetry should be avoided as it directly affects the number, shapes and field dis-
tributions of the guided modes. An asymmetric cross-section also induces form bire-
fringence, resulting in polarisation-dependent properties of the waveguide. Therefore,
various techniques have been developed to obtain appropriate waveguide profiles. For
example, the astigmatic beam-shaping technique [42] can be used to adjust the shape
of the writing beam. However, high demagnification telescope and complicated align-
ment are required for the adjustment. Slit beam-shaping technique is also proposed
to reshape the beam profile, which is realised by inserting a physical slit before the
objective to reduce the numerical aperture (NA) in one dimension [43]. This tech-
nique is simple to implement but lacks flexibility — the cross-section is fixed during
DLW fabrication unless mechanical adjustment is applied to the physical slit. Multi-
scan technique [44] is another option to obtain more symmetric cross-section of the
written waveguide, shifting the beam by certain distance between each scan. But this
approach results in square cross-sections rather than circular ones, and needs much

longer fabrication time.
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In this chapter, the use of an SLM in the DLW system for adaptive beam-shaping
and aberration correction is demonstrated to create waveguides with better profiles
and higher quality. A deformable mirror can also be used for beam-shaping [45],
but is less accurate and flexible, especially for aberration correction. Beam shaping
with an SLM is straightforward and adjustable during DLW fabrication. This offers
a better control of the writing beam and facilitates fabrication of more complicated

three-dimensional (3D) waveguides.

3.2 Spatial Light Modulator (SLM)

An SLM comprises an array of pixels (Figure 3.1) whose refractive indices can be
controlled individually by applied voltages. When light travels through the device, it
is modulated by different optical paths of each pixel on the wavefront. One example
is shown in Figure 3.2(a), where a typical phase modulation (modulo 27) imitates a
blazed grating that deflects the light. The actual pattern applied to the phase screen
of the SLM is shown in Figure 3.2(b). By applying different patterns, an SLM can be
used to achieve more complex phase modulations. SLMs are commonly utilized for
beam splitting and shaping. In the demonstrated DLW system, the SLM has three
major functions: (1) adaptive slit beam-shaping to achieve optimal focus dimensions
for DLW; (2) beam steering and splitting for parallel DLW; and (3) adaptive aber-
ration correction to eliminate the aberration introduced in the system to the writing

focus.

3.2.1 Slit Beam-shaping

As discussed in Chapter 2, transverse writing has attracted more attention recently
because of its flexibility in writing distance and structures. If the laser beam propa-

gates along the z-axis, take a Gaussian beam for example, the transverse beam waist
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Figure 3.1: Schematic diagram of the wavefront modification on an SLM.
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(a) phase modulo pattern of a blazed grating (b) phase pattern applied on an
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Figure 3.2: Phase modulation imitating a blazed grating on an SLM.
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(a) elongated focal spot without (b) more circular focal spot with slit
slit

Figure 3.3: Plasma emission images of a focal spot used for fabrication with and
without slit beam-shaping during the DLW process.

(the x or y-axis) of the focus (diffraction-limited) can be presented as follows:

Ao
- NA

(3.1)

Wy =

Here wy is the beam waist radius, A\ is the laser vacuum wavelength, and NA is the
numerical aperture of the focusing lens.

Meanwhile, the Rayleigh distance along the propagation direction (the z-axis) is:

Tnw}

R = Ao (3.2)

As a result, the waveguide cross-section for transverse writing is elongated by a

ratio of:

Wo _, Ao _ NA (3.3)

ZR nmTWq n

Normally for an NA of 0.6, the cross-section of the waveguide is roughly symmetric
(where n is in the range of ~1.5 such as fused silica). For lower NA values, the cross-

section of the waveguide become elongated and highly asymmetric (Figure 3.3(a)).

By inserting a slit before the objective lens (Figure 3.4), the NA of the objective
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Figure 3.4: Direct laser writing with physical slit before the objective lens.

is effectively reduced in the y-axis. Therefore, the width (y-axis) of the focal spot can
be elongated to match its dimension in depth (z-axis). The use of slit normally results
in a larger but more circular waveguide cross-section, as shown in Figure 3.3(b).

Instead of using a physical slit, an SLM can be used to achieve adaptive slit
beam-shaping for circular waveguides [46]. As there is a background phase profile
that corrects the initial flatness for the SLM (Figure 3.5(a)), the actual phase pattern
imitating a slit on the SLM is shown in Figure 3.5(b). Compared with a physical
slit, the use of the SLM eliminates the requirement for mechanical adjustment and
allows the width and orientation of the focus to be changed adaptively, thus greatly
improving the flexibility of waveguide fabrication.

However, if only the slit pattern is applied on the SLM, it is observed in the ex-
periment that the resulting laser writing focus has interference with the unmodulated
light from the SLM. To avoid this interference, the writing beam is shifted to first
diffracted order by a blazed grating. The grating can also be realised using the SLM
and is employed to ensure maximum diffraction of light into the first order. A pinhole
is inserted on the Fourier plane of the SLM to block the zeroth order. By adjusting

the position of the pinhole, only the first diffracted order passes through the pinhole
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(a) background phase pattern (b) actual slit phase pattern

Figure 3.5: Background phase pattern and actual phase pattern applied to an SLM
imitating a physical slit before the objective lens.

and enters the objective lens. As a result, the interference effects are eliminated and
more stable writing focus can be obtained.

By adding the phase pattern of the grating to the background phase profile and
the phase pattern of a slit, one example of the phase pattern applied to the SLM is
shown in Figure 3.6(a). The resulting laser writing focus (Figure 3.6(b)) has a more
circular profile than the original focus in Figure 3.3(a).

Different focus dimensions can be generated by varying the width and length of
the slit pattern on the SLM. For example, if the slit width is increased and the length
is decreased from the dimensions in Figure 3.6(a) to those in Figure 3.6(c), a focus
narrower along the y-axis and longer along the z-axis can be obtained (Figure 3.6(d)).
As the phase pattern of the SLM is controlled by software, this adjustment can be

made during fabrication.

3.2.2 Beam Steering and Splitting

By applying different phase patterns to an SLM, light passes through the system can
be steered and/or split. Matlab programs are developed to generate a series of phase

patterns in the form of bitmap graphics, which are loaded onto the SLM screen by a
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(a) one example of a phase pattern  (b) resulting focus of a phase pattern

(c) a wider and shorter phase pattern (d) resulting focus of a wider and
shorter phase pattern

Figure 3.6: Two different phase patterns applied on the SLM and their resulting focus
dimensions.
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Labview program.
Two different methods can be used to calculate the required phase patterns for
beam steering and beam splitting. The first technique is using phase gratings to steer

and split the beam. The period of the grating, A, is determined by:

m)\()

A= (3.4)

sin 6,, — sin 6;

where \q is the laser vacuum wavelength, m specifies the order of the various principal
maxima, sin 6, is the angle between the diffracted ray and the grating’s normal vector,
and sin #; is the angle of incidence.

When light is normally incident on the grating (sin §; = 0), the first order diffracted

light has maxima at angles sin 6:

Ao f
A= = \o— 3.5

sin 0 °D (3:5)
where D (= /D2 + D?) is the distance between the first order maxima (D, D,) and
the zeroth order(0, 0).

The angle of the grating, ©, can be presented as follows:

D
O = arctanD—y (3.6)

T

Thus, if a single beam needs to be steered to a position of (D,, D,), the de-
sign of the phase pattern can be calculated from Equation (3.5) and Equation (3.6).
Figure 3.7 displays one example of single beam-steering.

Instead of one single writing focus, an SLM can also be used to generate multiple
foci for parallel DLW fabrication. To split a beam into multiple ones, the SLM phase
screen should be equally divided into the number of desired foci. Each subdivision

has a unique phase pattern to steer its corresponding beam to the desired direction.
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(a) SLM phase pattern for single beam-steering  (b) resulting beam after single beam-steering

Figure 3.7: Single beam-steering using the phase grating: (a) the SLM phase pattern,
calculated from the desired diffraction offset (D,, D,); (b) the resulting intensity
distribution, using the designed phase pattern in (a). The x and y-axes present the
525x525 pixels that make up the face of the SLM (the phase screen).

An example of a 3x3 grating-array is shown in Figure 3.8. Note that the intensity
of each beam can be modified by adjusting the size of each subdivision (area on the
SLM face) or by changing the modulation depth ([0, 27]) of each grating.

The use of multiple gratings on the SLM screen is simple and straightforward
but has two major drawbacks for practical application. First, each subdivision in
the SLM phase screen corresponds to one diffracted focal spot. If certain portion of
the SLM screen is not illuminated, the corresponding focal spot will be weakened or
disappeared whereas the intensity of all other focal spots maintains. One example is
shown in Figure 3.9. For circular pupil, gratings at the corner of the screen can be
partially blocked, resulting in weaker focal spots from the original 9-spot array.

The second issue of using multiple gratings to generate multi foci is caused by
aberration. Each focal spot of the multiple gratings comes from a different part of
the SLM screen with different aberrations, whereas each spot of a phase hologram
comes from the entire SLM with the same aberration effect. A phase hologram on the
entire SLM screen can be used for more complex beam steering and beam splitting

than the grating technique. A phase hologram for a desired far field image can be
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(a) SLM phase pattern for beam-splitting (b) resulting beam after beam-splitting

Figure 3.8: Beam splitting using multiple phase gratings: (a) the SLM phase pattern,
calculated from the desired diffraction direction (D,;, D,,;) for beam 7 in a 3x3 grating-
array; (b) the resulting intensity distribution, using the designed phase pattern in (a).
The x and y-axes present the 525x525 pixels that make up the face of the SLM (the
phase screen).
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(a) SLM phase pattern with gratings partially (b) resulting beam with gratings partially
blocked blocked

Figure 3.9: Beam splitting with gratings partially blocked in a 3x3 grating-array:
(a) the SLM phase pattern for a 3x3 beam array with circular screen size; (b) the
resulting intensity distribution, using the designed phase pattern in (a).
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Figure 3.10: Schematic diagram of the multi foci generation using an SLM.

calculated on the basis of a weighted Gerchberg-Saxton algorithm [47]. The desired
far field image can either be a single focal spot at a certain position, or an array of
multiple spots at predetermined positions. The schematic diagram of the hologram
generation is shown in Figure 3.10. Here Lens 1 acts as a Fourier transformer, the
field in its back focal plane is the Fourier transform of the field in the SLM plane.
In order to create a specific light field E(z,y) = |E(z,y)|explid(z,y)] on the

objective plane, the complex field, F'(u,v), desired in the Fourier plane should be:

F(u,v) = |F(u,v)|explio(u, v)] )\of// x,y)exp|—i )\Qf(xu+yl/)]dxdy (3.7)

where f is the focal length of Lens 1.
According to diffraction theory, the complex electric field v, of each focus m is

the sum over the fields from all the N pixels on the SLM plane:

_eap[i2m(2f /o) d .
Uy = , W Z |Elexpli(p; — AT (3.8)

2
j=1,N

where j refers to the jth pixels coordinates on the SLM plane, N is the total number

45



of pixels, d? is the pixel’s area, and AT are the individual propagator functions:

m 2T
AT = )\Of(x]u + y;v) (3.9)
If the SLM face is uniformly illuminated and normalized, V,, can be used as a

more compact notation of v,,:

— AT (3.10)
j=1,N

The goal of the Gerchberg-Saxton algorithm is to optimise ¢;s to maximize the

modulus of V;,, for all focal spots, for a given set of AT". The calculation process begins

with a random phase function ¢. V,,s are obtained according to Equation (3.10). As

discussed in details in [47], the updated ¢ can be calculated as follows:

= argz expliAT] |“;m‘ (3.11)

The resulting ¢ is assigned to the SLM screen for the next iteration. The iterations
continue until the error between the intensity distribution of the reconstructed far-
field image and the desired focal spots is within a predetermined tolerance.

Note that w,, is a weighting factor for obtaining a high spot uniformity, which

equals to 1 at the beginning. For every following iteration, w,, is defined as follows:

(3.12)

Here, <>m represents the average field magnitude.
An example of a phase hologram applied on an SLM is shown in Figure 3.11.
If a hologram of Figure 3.11(a) is applied to the display of the SLM, a 3x3 multi-

foci array can be obtained for parallel fabrication as shown in Figure 3.11(b). The
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(a) hologram of a 3x3 array (b) multiple foci of a 3x3 array

Figure 3.11: A 3x3 multi-foci array generated by using a phase hologram for beam
splitting and steering on the SLM.
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(a) hologram of a hexagonal array (b) multiple foci of a hexagonal array

Figure 3.12: A hexagonal multi-foci array generated by using a phase hologram for

beam splitting and steering on a subdivision of the SLM screen.

simulation results indicate that the multi-foci array generated using the hologram is

more uniformly distributed than the one using the grating array (Figure 3.8(b)).
Another example of a more complicated multi-foci array using a subdivision of the

SLM screen is also displayed in Figure 3.12. As it is shown, even if the illumination of

the SLM is limited, the resulting focal spots can still maintain its designed structure

with uniform distribution.
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3.2.3 Adaptive Aberration Correction

Conveniently, any wavefront aberration can be expressed as a phase function in the
pupil plane of the objective lens as an infinite Zernike polynomial series. For example,

an arbitrary phase aberration function ¢(r, ) would be expressed as

$(r,0) = A Z(r,0) (3.13)

where m and n are nonnegative integers with n > m, 6 is the azimuthal angle, r is
the normalized radial distance |r|< 1, and A, are the Zernike coefficients.
For the allowable combinations of n and m, the Zernike polynomials are a sequence

of polynomials that are orthogonal on the unit disk, which can be defined by

({\/iR;%) sin(—m#) if m <0

2y (r,0) = ¢ RO(r) ifm=0 (3.14)

V2R™(r) cos(mb) ifm>0

The radial polynomials R(r) are defined as follows:

Y e (=1)*(n — s)! n—2s
Bi(r)=vnil 3, s((n+m)/2—s)((n—m)/2—s) (3.15)

The orthogonality in the radial part is as follows:

1
/ rV2n 4 2R (r)vV2n + 2R (r)dr = 6, (3.16)
0

To simplify these matrices by a single index, a conventional mapping of the two

indices n and m to a single index i has been introduced by Noll. Therefore, the phase
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aberration function ¢(r, #) can be rewritten as:

o(r,0) =3 AunZ(r,0) = > AiZi(r,0) (3.17)

The association between Z(r,0) and Z;(r,0) and the first 22 Zernike modes of the
aberration term are shown in Table 3.1. For ¢ = 5, when n = 2 and m = 2, it is the
astigmatism aberration referred as Mode 5 in the following discussion. Modes 1, 2
and 3 correspond to the piston, tip and tilt, which only represent shift in the position
rather than curvature in the wavefront. Therefore, the first 3 modes are usually not
counted as normal aberrations and only n > 4 are considered for aberration correction
in the system.

If an aberration compensation, ¢°(r,#), is applied, the resulting corrected phase-

aberration function ¢'(r,#) is given by:

¢,(Ta 9) = QS(Ta 9) - ¢C(T> 9) (318)

which should be minimised for optimal aberration correction.
In practice, ¢°(r, #) can either be one single overall phase value or sum of individual

aberration modes as follows:

¢°(r,0) =Y _ ASZi(r,0) (3.19)

Here A{ are the Zernike coefficients applied for aberration compensation.
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Aberration term

i n m Zi(r,0)

1 0 0 1 Piston

2 1 1 2rcosd Tip (Tilt x, about y axis)
3 1 -1 2rsin 6 Tilt y, about x axis

4 2 0 V3(2r2 — 1) Defocus

5 2 -2 21/3r2 cos(20) Astigmatism y (45°)

6 2 2 2/3r% sin(20) Astigmatism x (0°)

7 3 -1 2v/2(3r% — 2r) cos 6 Coma y

8 3 1 2v/2(3r% — 2r)sin 0 Coma x

9 3 -3 2v/21% cos(30) Trefoil y

10 3 3 2+/21% sin(30) Trefoil x

11 4 0 V5(6rt — 6r2 + 1) Primary Spherical

12 4 2 V10(4r* — 3r?%) cos(26) Secondary Astigmatism x
13 4 -2 V10(4r* — 3r?) sin(260) Secondary Astigmatism y
14 4 4 V107 cos(46) Tetrafoil x

15 4 -4 V10r* sin(46) Tetrafoil y

16 5 1 24/3(107° — 1273 + 3r) cos 0 Secondary Coma x

17 5 -1 24/3(107° — 1273 + 3r) sin @ Secondary Coma y

18 5 3 2v/3(5r° — 4r3) cos(36) Secondary Trefoil x
19 5 -3 2v/3(5r° — 4r%) sin(30) Secondary Trefoil y
20 5 5 2+/3 cos(50) Pentafoil x

21 5 -5 2+/3 sin(50) Pentafoil y

22 6 0 VT7(20r% — 300t + 1272 — 1) Secondary Spherical

20

Table 3.1: The first 22 Zernike polynomials.
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Figure 3.13: Schematic diagram of a DLW system with an SLM.

3.3 Direct Laser Writing Setup and Procedures

3.3.1 Experimental System Setup with the SLM

DLW systems with adaptive optical correction have demonstrated great potential for
achieving high-quality 3D waveguides. Figure 3.13 shows the schematic diagram of a
DLW system with an SLM. The output of the laser beam is expanded and directed
onto an SLM, which is used to modulate the phase of the wavefront of the light. The
SLM and the pupil plane of the objective are imaged onto one another by a 4f system.
A pinhole is placed in the Fourier plane of the SLM. As discussed in Section 3.2.1,
the pinhole eliminates interference effects and ensures only the first diffracted light is
used for fabrication.

The actual experimental setup for the DLW fabrication system with SLM is shown
in Figure 3.14. The femtosecond laser (Solstice-100F, 100 fs pulse width, 1 kHz
repetition rate, 780 nm - 820 nm wavelength) has two outputs: the Mai Tai (S1)

output, which provides low-energy power for system alignment; and the regeneratively
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amplified (Regen) (S2) output, which is used for high-energy fabrication processes.
A half-wave plate and a polariser are inserted after the laser to control the output
power. The neutral density filter (ND filter) is used to reduce the power of the laser
output. The beam is then expanded (using L.1 and L.2) and directed to an SLM, which
modulates the wavefront of the light. The beam splitter (BSC), L3, L4 and a charge-
coupled device (CCD) camera CCD 2 are only used for alignment (not fabrication) for
checking the reflected light. The output of the SLM is imaged (using L5 and L6) to
the pupil plane of the microscope objective (20X, Zeisis Plan Neofluar with 0.5 NA). A
pinhole is placed in the Fourier plane of the SLM. In this configuration, the SLM can
be used for adaptive aberration correction and beam-shaping [48,49], thereby greatly
improving the quality of the fabrication focus. The sample is placed and translated on
a computer-controlled three-axis translation stage (Aerotech ABL10100 and ANT95-
3-V). An LED is mounted beneath the stage and is used to image the sample onto a
camera (CCD 1). A colour filter is used in front of CCD 1 to reduce the noise of the
imaging. The laser pulses are usually focused 100 pm to 1000 pm below the surface of
a transparent sample at different speeds along the x-axis (perpendicular to the laser
propagation axis).

Before applying aberration correction, the amount of aberrations in the system
should first be evaluated. Two different techniques are applied to measure the aber-
rations: the Shack—Hartmann wavefront sensing and the plasma emission aberration

sensing.

3.3.2 Experimental Procedures

In this section, experimental procedures of DLW are discussed in general. Specific
details of different fabrication experiment are provided in the relevant sections. Before
the experiment, laser safety training and risk assessment are provided because a high-

power laser (Class 4) is used. All potential risks, local rules and protection measures
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Figure 3.14: Experimental setup of a DLW system with adaptive aberration correc-
tion. List of Components: 1. laser 100 fs, 1 kHz, 790 nm; 2. S1, S2 shutter; 3. M1,
M2, M3, M4, M5, M6, M7, M8 M9 reflect mirror; 4. A\/2 rotatable half-wave plate;
5. Polariser Glan-Taylor polariser; 6. FM1, FM2 flip mirror; 7. Dielectric mirror; 8.
ND filter neutral density filter; 9. L1, L2, L3, L4, L5, L6 lens: achromatic doublets;
10. BSC beam splitter chamber; 11. SLM; 12. Pinhole on the Fourier plane; 13.
LED; 14. Dichronic Mirror; 15. Objective 0.5NA, 20X; 16. Sample; 17. AeroTech
Stage; 18. Piezo Stage; 19. Tube lens; 20. Colour filter; 21. CCD Camera.

should be carefully studied and fully understood. The experimental setup in the lab
is arranged properly to avoid any potential hazards (Figure 3.15). The original setup
was developed by other research members of the team, but I am able to align and
calibrate the existing setup, and fabricate waveguides using the DLW system with
adaptive optics.

The experimental procedure comprises three main parts: equipment alignment,
SLM hologram generation and ultrafast-laser-writing waveguide fabrication. A Lab-
view program is used for the alignment and fabrication, including the control of the
laser, the SLM hologram, the settings of the camera, and the stages.

The first step of the experiment is the alignment of the DLW system. During this
step, it is essential not only to achieve good experimental results but also to ensure
that the whole system remains stable and comparable between different experiments.
The beam emitted from the femtosecond laser is aligned through all of the optical

components: filters, polarizers, lenses, the SLM, the objective, mirrors, the sample
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Figure 3.15: Lab layout of a DLW system.

and the CCD camera (Figure 3.14). Note that the Mai-Tai is used for system align-
ment with low energy (FMI1 flip). Beam paths are checked with a paper target by
aligning each component using the infrared viewer. Repeat checking is done to “walk”

the beam through the centre of all components.
The SLM is first aligned until the beam hits approximately its centre. The follow-

ing steps are then required to match the pupil planes of the SLM and the objective

lens.

1. Detach the CCD camera and place it on position CCD 2 in the diagram.
2. Place a mirror on the sample stage (i.e., under the objective).
3. Move the objective until the mirror is approximately in the focal plane.

4. On the LabView software under Control SLM apply Mode 5, magnitude 1rad

and flatness correction off. This should display a cross shape on the SLM
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(a) (b)

Figure 3.16: The SLM cross phase pattern for alignment: (a) The original SLM cross
phase pattern; (b) The SLM diffraction pattern.
(Figure 3.16(a)). On the CCD display, there are two images of the diffraction

pattern (Figure 3.16(b)).
5. Move the objective laterally until both images of the diffraction pattern coincide.
6. Replace the CCD camera to its original position CCD 1.
7. Save the SLM holo parameters to the default path.

The position of the pinhole should also be adjusted on the Fourier plane of the SLM.
As it mentioned before, the pinhole in the DLW system is used to block the zeroth
order of the output, which eliminates the interference with unmodulated light passing
through the SLM. Depending on the structure of the waveguides, different phase
patterns (holograms) are applied on the SLM. The GerchbergSaxton algorithm is
used to calculate the hologram for beam shaping.

Before fabrication, the sample (a block of glass , KDP, LiNbOg3, or any other
transparent materials) is carefully cleaned and attached to a microscope slide on top
of the piezo stage. Bubble wrap and an air conditioner can be used to cover the
laser system to prevent airflow and stabilize the temperature. The Labview control
program is opened on the computer; this program has four control panels, which

control the laser, the SLM, the CCD camera and the AeroTech stage, respectively.
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Figure 3.17: Main control user interface of the Labview program for DLW. The left
side is the main control panel, the upper-right corner shows the Aerotech control and
the lower-right corner shows the CCD image.

When the program is open, its main control panel is shown in Figure 3.17. There
are four tabs on the top left: Main Controls, SLM, DM and CCD. DM is not used
at all for the purposes of this experiment. There are also tabs on the top right. The
upper-right corner of the interface shows the Aerotech control (default), the laser
power control, or the SLM pattern display. The lower-right corner shows the CCD
image of the sample. On the upper-right, by choosing between tabs, different user
interfaces are shown during the fabrication (Figure 3.18).

The waveguide-writing procedure is as follows:
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Figure 3.18: Different user interfaces of the Labview control program for the DLW

system.
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. Turn on the laser.

. Align the sample. The CCD camera is used to monitor the sample. Both
transmission imaging and back reflection of the laser can be used in the system.
Align the sample properly to ensure that the sample movement is aligned with
the transmission of the stage. Adjust the position of the objective and/or
the AeroTech stage to focus on the top surface of the sample. When using the
transmission image, if the sample is perpendicular to the laser beam, the sample

should remain in focus while it is translated.

. Aberration correction. Adjust the SLM mode values (normally those of Modes
5,6, 7,8, 11, 22 and 37 and the defocus adjustment) using the plasma emission

sensing method for aberration correction.

. Apply the aberration-corrected SLM pattern.

. Set the appropriate depth at which the waveguide is located in the sample.

. Execute and modify the AeroTech control code for movement during fabrication.
. Turn on the Regen output and start fabrication.

Fabrication parameters such as the laser power, scan speed and number of paths

(whether single or multiple scans) should also be carefully considered and adjusted

during the fabrication. For different materials with different waveguide structures at

different depths below the surface, the fabrication parameters can be quite different.

For example, the power of the laser is one of the most important parameters and

should be carefully chosen by rotating the angle of the half-wave plate at the laser

output. If the power is too small, very weak waveguides would be fabricated and

hardly any light would be guided (Figure 3.19(a)). However, if the power is too high,

the processed material is cracked and damaged, which also results in no light-guiding
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(a) Weak waveguide (b) cracking waveguide
Figure 3.19: Cross-sectional and top-down views of nonworking waveguides written
at a depth of 100 pm under the microscope.
(Figure 3.19(b)). Therefore, appropriate pulse energy (power, exposure time, etc.)
should be chosen for DLW fabrication.

3.4 Aberration Correction Sensing Methods Using

an SLM

3.4.1 Shack—Hartmann Wavefront Sensing

Shack-Hartmann wavefront sensing [50] is a useful method for measuring and cor-
recting aberrations of all types across the whole pupil, and is widely used in adaptive
optics systems. A classical Shack-Hartmann sensor (Figure 3.20) comprises an array
of lenses (called lenslets) of the same focal length. The wavefront goes through each
lens and is focused into a photon sensor array (typically a CCD array or CMOS ar-
ray). The local tilt of the wavefront across each lens is proportional to the tilt of the
corresponding position of the wavefront and can be calculated from the position of
the focal spot on the sensor. Any phase aberration can be approximated by a set of
discrete tilts. By sampling an array of lenslets, all of these tilts can be measured and
the whole wavefront approximated.

A similar idea is applied to the SLM by segmenting its entire aperture into an array

of smaller apertures, as shown in Figure 3.21(a). Each aperture comprises a blazed
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Figure 3.20: Schematic diagram of the Shack—Hartmann sensor.
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Figure 3.21: SLM with the Shack-Hartmann array.

grating focused into the focal plane by the objective lens, as shown in Figure 3.21(b)
and Figure 3.21(c). Without any aberration, the array of spots has no distortion;
however, if there is aberration, because each spot comes from a different part of the
SLM (therefore the back aperture of the objective), it results in displacement from
its original position. The displacement of each spot can be analysed by fitting a
linear combination of the Zernike polynomials in order to recover a phase map of the
aberration. The phase map can then be subtracted from the original phase pattern
on the SLM to correct for aberrations.

To eliminate the effect of camera and imaging magnification, a whole aperture

phase pattern is also applied on the SLM, as shown in Figure 3.22(a). The hologram



/
y U

4 ¥
é ; o o0 0 0 0
X H
; : o 0 0 0
| o 0 0
(a) full phase pattern on (b) full pupil on an SLM (¢) output array

an SLM

Figure 3.22: SLM with the whole aperture.

is calculated using the algorithm in [47]. Now each spot in the array comes from the
full pupil of the SLM and has the same aberration effect. Aberration has an effect
on the shape of the spot but is not affected by the position of the spots. The output
array of spots in Figure 3.22(c) can be used as a reference. The displacement of each
spot in Figure 3.21(c) compared with Figure 3.22(c) represents the aberration of its
corresponding region.

Now let us introduce additional aberration of mode 5 astigmatism (AsZ5(r, ),
with A5 = 1 and Zs(r,0) = 2v/3r?cos(26); refer to Table 3.1). By applying the
phase hologram of Figure 3.22(a), the spot array in Figure 3.23(a) is first obtained
as a reference. The shape of the spot is distorted because of the aberration, but
the geometry of the array should be maintained. Then the segmented phase holo-
gram of Figure 3.21(c) is applied to the SLM, and the resulting spot array is shown
in Figure 3.23(b). By comparing the positions of the spots in Figure 3.23(a) and
Figure 3.23(b), the resulting displacement is shown in Figure 3.23(c).

Note that the intensity of the diffracted spot decreases with the diffracted dis-
tance. As shown in Figure 3.23(b), the rightmost spot is the brightest because it
has the smallest diffracted distance. This is mainly caused by phase wrapping of
the applied phase pattern [51]. Therefore, instead of the original SLM phase pattern

(Figure 3.21(a)), phase randomization is added, as shown in Figure 3.24(a). As a
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Figure 3.23: Shack-Hartmann array with additional astigmatism aberration.
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Figure 3.24: Effect of phase wrapping and randomized phase pattern.

result, the array of the spot has a more even intensity distribution (Figure 3.24(b))
compared with that of Figure 3.23(b).

Because of the reduced NA for each small aperture, spots of the Shack—Hartmann
array have relatively lower image quality than references (Figure 3.23(a)). Different
types of small apertures are therefore tried to find the best structure: circular, rect-
angular or hexagonal, as shown in Figure 3.25. The hexagonal shape shows slightly
better quality, because of its relatively larger NA.

By fitting a linear combination of the first 11 Zernike polynomials to the displace-
ment of the spot array, the aberration can be recovered, as shown in Figure 3.26.
Because there are many other aberrations in the system besides the additional astig-

matism aberration that is introduced deliberately, the result is not a perfect astigma-
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Figure 3.26: Aberration correction result. Zernike coefficients from As to A1 are 1.3,
0.11, -0.06, 0.16, 0.11, 0.02, and 0.21.
tism phase correction.

The difference is also caused by the error in the displacement. During image-
processing, it is noticed that the position of the spots cannot be identified very
accurately. This is mainly due to the highly reduced NA, leading to low-quality
diffracted spots whose exact positions are hard to identify. The lack of accuracy in
displacement results in error in the aberration measurement, which makes aberration
correction less efficient. Further investigation must be undertaken to increase the NA

to achieve higher accuracy.
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3.4.2 Plasma Emission Aberration Sensing

To further improve the accuracy of aberration measurement, the plasma emission
aberration sensing is also applied in the DLW system. It is presented in [52] that
plasma emission intensity is a valid metric for the focal spot quality. During fab-
rication with high-powered energy, the plasma can be generated by multi-photon
absorption and avalanche effects. A well aberration-corrected focal spot corresponds
to maximum plasma emission, which is imaged onto the CCD camera. As discussed
before in Section 3.2.3, the corrected phase aberration function is given by Equa-
tion (3.18).

All other Zernike modes being the same, if the coefficient A5 is gradually changed
from -2.0 to +2.0 by steps of 0.1 to the phase pattern on the SLM, and if the plasma
emission of the fabrication focal spot is maximized when A5 = —0.5, then ¢/(r, 0) is
minimized at the same time. This indicates that there is an astigmatism aberration of
0.5 in Mode 5 of the existing ¢(r, ). Therefore, the coefficients for all of the Zernike
modes that maximize the plasma emission (and minimize ¢'(r, #)) are the aberration
corrections — > A; Z;(r, 0) required for the existing ¢(r, 0).

Figure 3.27 shows results of the plasma emission sensing for different Zernike
modes at a fabrication depth of 650um. All other modes being equal, the coefficient of
each Zernike mode (defocus, astigmatism, coma, and spherical) is tested by scanning
the optimal mode coefficient (applied by changing the phase pattern on the SLM)
when the plasma emission is maximized. The superposition of aberration correction
in different modes forms — >  A;Z;(r,0) and the test is repeated until the optimal
unaberrated focal spot (minimum ¢'(r, #)) is achieved.

Figure 3.27 shows that the plasma emission intensity varies with the change of
coefficient for each mode and is maximized when the aberration is compensated by
applying —A;. At a waveguide depth of 650um, the focal spot has an aberration of
+400um for the defocus; 40.25 for Mode 5; -0.5 for Mode 6 and Mode 8; +0.5 for
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Figure 3.27: Plasma emission intensity changes with different Zernike modes at a
fabrication depth of 650um.
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(a) focal spot before aberration cor- (b) focal spot after aberration cor-
rection rection

Figure 3.28: Plasma emission sensing for different Zernike modes at a fabrication
depth of 650um.

Mode 7; -0.25 for Mode 11, Mode 22 and Mode 37. The focal spot before and after
aberration correction is shown in Figure 3.28. The results indicate that the plasma
emission aberration sensing corrects the aberration from the original focal spot, which
is significantly defocused and weaker. Plasma emission sensing has higher accuracy
and more reliable than Shack-Hartmann wavefront sensing. However, it requires

adjustments for each Zernike mode to be made manually and separately.

3.5 Conclusion

In conclusion, the use of SLM in a DLW system facilitates the fabrication of more
complex and higher-quality 3D waveguides and offers greater control over the shaping
and quality of the focal spot. The use of SLM is especially helpful for aberration
correction in the DLW system.

Two different techniques for adaptively correcting aberrations have been demon-
strated. The Shack-Hartmann wavefront sensing has the advantage of correcting
aberrations in a single step but with less accuracy. Conversely, plasma emission sens-

ing method needs to correct the aberration of each Zernike mode separately, but
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offers an advantage of accurate correction and can greatly improve the quality of
the focal spot. By controlling different fabrication parameters in the DLW system,
a few different waveguides with different structures in different materials have been
demonstrated. The DLW system with adaptive optics using the SLM offers a great
potential to fabricate high quality optical waveguides with the ultrafast laser writing

technology.
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Chapter 4

Characterisation of Optical

Waveguides

The characterisation methodologies of optical waveguides are discussed in this chap-
ter. A description of the cross-section measurement is first presented. The guide
mode is then measured for the evaluation of refractive-index profile, which is essen-
tial for the characterisation of the DLW waveguide. An improved propagation-mode
near-field method (PMNFM) and an equivalent-step-index (ESI) profile method are
proposed for the derivation of the refractive-index profile of the written waveguides.
Although there are still many limitations to this technique and challenges facing its
implementation, the refractive-index profile of a commercial single-mode fiber and a
laser-written waveguide have been successfully evaluated and obtained. In addition,
a simple estimation of the refractive index using quantitative phase microscopy has
also been briefly discussed. Finally, the insertion and propagation loss of the written
waveguide is measured and calculated. The result of the refractive-index evaluation

has been discussed and published in [53] and [54].
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4.1 Introduction

The characterisation of optical waveguides is crucial for all different types of fabrica-
tion processes, not only for the ultrafast direct laser writing (DLW). The refractive-
index profile of the written waveguide plays an important role in determining its
physical and transmission properties, and is one of the most critical features. The
other waveguide parameters, such as the cross-section, guide-mode profile, insertion
loss and propagation loss, are also of great interest. The evaluation of fabricated
waveguides, compared with the designed features, provides useful information to the
DLW system. This feedback can be used to improve the quality of the future design
and fabrication processes.

For most of the optical components fabricated by the DLW technique, the mea-
surement of refractive-index change (An) is either not clearly mentioned [6,7,10,29]
or estimated by measuring the numerical aperture (NA) of the waveguide output [5,
26,55]. The NA measurement is simple but not accurate, with approximately 30%
error [26]. The PMNFM [37] is not used by the previous waveguides probably because
of its high-sensitivity to noise. An improved PMNFM with properly data-processing
such as Savitzky-Golay filters and curve fittings can be applied to achieve a better
accuracy in predicting the characteristics of the waveguides. The experimental results
are able to match the simulation algorithms. Unlike other methods, the quantitative
phase microscopy can be used to estimate the refractive-index modification during

laser writing, which greatly facilitates the fabrication process.

4.2 Cross-section Measurement

Once the waveguide has been fabricated with the ultrafast DLW technique, it is viewed
under an optical microscope (either a transmission electron or differential interference

contrast microscope). To observe the cross-section clearly, the sample should be side-
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Figure 4.1: Different cross-sections by modifying the phase patterns on an SLM.

polished and cleaned, if the condition allows. As discussed in Chapter 3, the spatial
light modulator (SLM) can be used to modify the cross-section profile of the written
waveguides. For different grating patterns with different widths, the resulting cross-
sections are different, as shown in Figure 4.1. The aspect ratio can be made to vary
over a large range by changing the NA and grating width of the SLM phase pattern.
Based on the requirement, different cross-sections can be easily achieved by modifying
the SLM pattern using software. The control and measurement of the cross-section
of the written waveguides are essential for the characterisation and fabrication of the

DLW process.

4.3 Propagation-Mode Near-Field Method (PM-

NFM)

Many different methods and techniques on the basis of different principles have been
proposed for determining index profiles: these include the reflection method [34], the
refracted near-field method [35], and the interferometry method [33]. Unfortunately,
most of them have disadvantages such as very sensitive dependence upon the condition
of the end face (as in the reflection and refracted near-field methods) or extensive

requirements for sample preparation (as in the interferometry method). One of the
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most well-known techniques for the evaluation of the refractive-index profile is the
propagation-mode near-field method (PMNFM) [37,39,40], which is effective for small

and weakly-guiding waveguides.

4.3.1 Theoretical Study

Compared with other techniques, the PMNFM has the advantage of simplicity and
independence on the condition of end face. The refractive-index profile can be ob-
tained simply from the measurement of the near-field pattern of a propagation mode,
which is the field distribution ¢ from the output end face of the waveguide.

For a weakly-guiding circular waveguide, if the refractive index depends only on
the distance from the centre axis, and the permeability of the medium is homogenous
and equal to that of vacuum, the optical field intensity of a propagation mode can be

described in a scalar wave equation as follows [37]:

2 2 2 2 m?
\Y% ¢7’ + {konr - ﬁ - r2 }¢T =0 (41)
1d, dp,. 1do, d?¢,
2 = _-_— p— 4-2
Vior rdr(rdr) r dr * dr? (4.2)

where ¢, is the field distribution, r is the distance from centre axis, kg is the wavenum-
ber in vacuum, n, is the refractive-index distribution, 8 is the propagation constant
of a mode, and m is the azimuthal quantum number.
If only the fundamental mode is excited (i.e. m = 0), then
2 V29, 2

n. = — . + neg (4.3)

where n.g = ,:%, is the effective refractive index of the waveguide.

If n, = ng+ An,., where ny is the substrate refractive index and An,. is the change
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of the refractive index along the axis, if the change in refractive index is small, then

n? = ng + 2noAn, + An? ~ n2 + 2noAn, (4.4)

Therefore Equation (4.3) becomes

v,

na + 2nplAn, = — +ng 4.5

By solving for An, and writing n, = ng + An,. ,

V20, n? n
- (2 + 0 (4.6)
2n0k0¢r 2710 2

n, =

TL2
where n.z and ny are both constant; therefore ﬁ + 7% can be replaced by a constant

OF

1 ldg, d*¢,
S G 4.7
fr QnOk‘ggbr(r dr * dr? )+ ¢ (4.7)

When r = r( (the core radius at the boundary), in the substrate, the value of C' can

be determined by
L Vdb, | &,

C=nt e G ar T ar)

(4.8)

As a result, from Equation (4.7), n, is only a function of ¢,. This means that once
the propagation-mode pattern ¢, is measured, the refractive-index profile n, can be

uniquely determined.

4.3.2 Simulation Results

The PMNFM is first evaluated by computer simulation. The simulation procedures
are shown in Figure 4.2. First, a refractive-index profile Profile1(n4ssumeq With certain
shape) is assumed. A Pascal program is then used to calculate the theoretical field

distribution ¢, at the end facet with the assumed profile. The Pascal program is devel-
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Figure 4.2: Flowchart of the propagation-mode near-field method (PMNFM) simula-
tion.

oped by Harry MacKenzie in [56], and works by applying the finite difference approach
to the wave equation to calculate the propagation constant and the field profile with
known refractive-index information. Using the theoretical field distribution profile
¢, , the refractive-index profile Profile2(n,.) is calculated by Equation (4.7). Ideally,
without any error, Profile2 would be exactly the same as Profilel (ngssumea = Nr)-
Therefore, by comparing the difference between n, and ngsgumeq, the performance and
accuracy of the PMNFM can be evaluated.

Figure 4.3 shows the simulation results for a step-index fiber and a parabolic
graded-index fiber. Figure 4.3(a) and Figure 4.3(c) are the theoretical intensity dis-
tributions of an assumed step-index and graded-index fiber. It is assumed that the
wavelength is 600 nm, the substrate has a refractive index of 1.440, the core has a
refractive index of 1.445, and the radius of the fiber is 10 pm. The fiber core is divided
into 100 layers for finite difference calculation in the Pascal program.

Figure 4.3(b) and Figure 4.3(d) show the calculated refractive-index profile (red

curve), and how it compares with the assumed profile (blue curve). Note here the
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Figure 4.3: Refractive-index simulation results for the step-index and graded-index
fiber. The blue curves in (b) and (d) are the assumed refractive indices 7gssumed;
the red curves show the calculated refractive indices n,; and the green curves show

Nassumed — T

blue curve is not very obvious as it matches very closely with the red curve, which
covers it. The green curve shows the difference between the assumed profile and the
calculated one. These results demonstrate that the refractive-index profile can be
reconstructed using the PMNFM with good accuracy in both cases (< 5% difference
for both the step-index and the parabolic grated-index fiber). Note that there is one
extremely noisy point at the edge of step-index fiber in Figure 4.3(b), which is due

to the discontinuity of the assumed step-index profile.
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Figure 4.4: Experimental setup for the measurement of output intensity profiles.

4.4 PMNFM Experimental Measurements

4.4.1 Experimental Setup

Based on the proposed PMNFM, if the near-field intensity distribution of the optical
waveguide is measured by a charge-coupled device (CCD) camera (as described in
Section 2.4.2 in Chapter 2), the related refractive-index profile can be calculated. The
experimental setup used to measure the output intensity distribution of an optical
waveguide is shown in Figure 4.4. The pulses from an ultra-broadband laser (460-
2,200 nm, 4 W, peak spectral power density of 12 mW/nm at 1,064 nm, 40 MHz,
and 6 ps) pass a neutral density (ND) filter, a colour filter, a hot mirror and a
monochromator to be attenuated and have the right wavelength selected. A power
meter and spectrometer are used to monitor the output pulses, which are fed to a 20x
objective lens before being coupled into a short piece of single-mode fiber. The single-
mode fiber (SM600) is used to provide a uniform source and facilitate the coupling of
light into a waveguide afterwards. The output end face is then magnified and imaged
by the camera.

Different wavelengths can be selected using the monochromator (600 nm for most
of the measurements). The objective lenses, a piece of single-mode fiber and a waveg-

uide sample are all held on 3-axis stages, which help to maximize the flexibility of the
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Figure 4.5: Refractive-index calculation of an SM600 single-mode fiber using the
original PMNFM.

coupling alignment. Another top-down camera is used to help the alignment of the
output ends of the fiber and the waveguide.

Before coupling the light into the optical waveguide, the intensity distribution is
first obtained directly from the output of SM600, whose refractive-index profile is
then calculated. As the refractive-index profile of SM600 is known on the datasheet,
the accuracy of the proposed method can be properly evaluated through comparison

with the calculated result.

4.4.2 Reduction of Noise

Although a perfect match can be obtained with the theoretical results in simulation, in
practice, measurement values are normally far from expectation. Take the Thorlabs
SM600 single-mode fiber, for example. The calculated results from the intensity
measurement out of this fiber are depicted in Figure 4.5(b), which contains only
noise. This result mainly arises from a noisy intensity distribution ( 4.5(a)) measured
from the experiment, compared with the smooth theoretical data in the previous
simulation (Figure 4.3(a) and Figure 4.3(c)).

From a theoretical point of view, Equation (4.7) contains a second derivative of the
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field profile, which indicates that the calculated refractive-index profile is very sen-
sitive to the noise. A small amount of noise in the field profile introduces dramatic
change in the calculated refractive-index profile and even washes out the profile com-
pletely. In this case, different algorithms and methods are investigated to reduce noise
and further improve the accuracy.

Note that although the direct calculated result is very noisy in Figure 4.5(b),
there is still some useful information. For example, an abrupt change appears in the
calculated result around 3.8 pum to 4 pm, which probably indicates a fast change in
the refractive index around this area. This shows an approximate estimation of the
boundary.

For one single CCD image, as shown in Figure 4.6(a), the intensity distribution
is recorded across the red line in Figure 4.6(b). Noise in Figure 4.6(c) can be re-
duced to Figure 4.6(d) if 100 images are averaged instead of one. A Savitzky—Golay
filter [57,58], one of the most popular numerical smoothing filters, is then applied to
the resulting average data. The basic idea is to use dynamical polynomials to fit data
points within a moving window, which is an effective way to filter high frequencies
while maintaining sharp edges at the boundary. Because of the high spatial noise in
waveguides, curve fittings are also used to reduce the additional noise. A modified
Gaussian mode fit is applied to the data points around the central area and a modified
Bessel function to the remaining data points. Here the modified Gaussian function
is y = ag % e % (1 + ay * 22 + a4 * 2*), whereas the modified Bessel function is
y=ax Ky(bxx). Ky is the modified Bessel function of the 2nd kind, K, (x), for a =
0.

4.4.3 Experimental Results

Figure 4.7 shows the curve-fitting results of one SM600 measurement, for both the

Hermite-Gaussian fit (central) and the modified Bessel function fit (boundary). After
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Figure 4.6: Single and multiple CCD images and their near-field intensity profiles.
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Figure 4.7: Curve-fitting of the intensity distribution of an SM600 single-mode fiber.

applying the filter and curve fitting methods, the re-calculated refractive-index profile
n, of SM600 is now shown by the red curve in Figure 4.8(a). Compared with the real
estimated refractive-index profile from the manufacturer (blue curve), the difference is
small with a mean squared error (MSE) of 5.8 x 107, The calculated field distribution
¢, has a MSE of 8x10™* , when compared with the experimental data. The estimated
numerical aperture (NA) is 0.14, which matches the 0.10-0.14 value on the datasheet
for SM600. The estimated mode field diameter (MFD) is 5.1, close to the value of
5.0 on the datasheet.

After evaluating the improved PMNFM with the SM600 single-mode fiber, the
light is coupled into a waveguide fabricated using DLW. By applying the same algo-
rithm to the measured intensity distribution of a waveguide sample, the calculated
results are shown in Figure 4.9. The actual field distribution ¢, has an MSE of
2.0 x 1073 compared with the experimental data. The estimated numerical aperture
(NA) is 0.11 with maximum refractive-index difference of 4 x 1073, The estimated

MFD is 3.7, which is close to the experimental data of 3.5.
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Figure 4.8: Refractive-index calculation of an SM600 single-mode fiber using the
improved PMNFM.

4.5 Equivalent-Step-Index (ESI) Profile

In practice, the exact details of the refractive-index profile are difficult to obtain.
Fortunately, the propagation characteristics are not sensitive to these details. The
idea of an equivalent step index (ESI) [59] is on the basis of the fact that most
circularly symmetric single-mode waveguides have similar propagation characteristics
to those of a single-mode step-index fiber. This means that the field mode, the
propagation constant, and other propagation properties such as the bend loss of
a single-mode waveguide can be accurately predicted by its equivalent step-index
fiber. Because the characteristics of step-index fiber are simple and well-known, it is
convenient to convert different waveguides to their ESI.

From the wave theory of a step-index fiber [60], the field distribution of the fun-
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Figure 4.9: Refractive-index calculation of a laser-written waveguide using the im-
proved PMNFM.
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damental mode in this fiber can be represented as:

4

% ifr<a
E(r) = (4.9)
\;ggggjgg if r>a
where
w = +/p% — ngk?

u= VIR
v =+Vu?+ w? = koa/n? —n3

u can be approximated on the basis of [61]:

v 1 u? 1wl
_—— i 4.10
v=te g - T T 0t P (4.10)

Here E(r) is the field distribution, r is the distance from center axis, ky is the
wavenumber in vacuum, ng is the refractive index of the cladding, n, is the refractive
index of the core, [ is the propagation constant of a mode, and the core-cladding
interface is at r = a. Jy is the zeroth-order Bessel function, K| is the modified Bessel
function of the second kind, and u., = 2.40483 for the fundamental mode. To obtain
the best ESI profile, a and An = ny; —ny are iterated and used to calculate E(r). The
resulting E(r) with a minimal MSE compared with the original field distribution is
taken as the ESI profile.

The calculated results of applying the ESI method to the SM600 and the waveguide
sample are shown in Figure 4.10 and Figure 4.11. The calculated NA (0.14) and MFD
(5.0) of the SM600 are very close to values on the datasheet. An MSE of 5.5 x 107°
is observed between the calculated and real refractive-index profile, while an MSE

of 9.6 x 10~* for the field distribution compared with the real data. For the same
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Figure 4.10: Refractive-index calculation of an SM600 single-mode fiber using the
ESI method.

DLW waveguide measured in Figure 4.9, the estimated NA is 0.09 with an MFD of
3.5. The maximum refractive-index difference between the core and the cladding is
approximately 2.8 x 1073, The calculated field distribution has an MSE of 1.9 x 1073
compared with the experimental data, showing how accurately the fitted ESI can be

used to compute the waveguide model field.

4.6 Quantitative Phase Microscopy

Quantitative phase measurement can also be applied to monitor the refractive index
during laser fabrication. There are many microscopy methods that quantify the phase
shift which occurs when light passes through a more optically dense object. Normally,
three images of the object are captured by transmission microscope, one in focus, one

slightly positively defocused and one slightly negatively defocused. These images can
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Figure 4.11: Refractive-index calculation of a laser-written waveguide using the ESI
method.

provide wavefront evolution (the distortion of the wavefront by the object) between
image planes and can be post-processed to obtain a phase profile. This phase profile
can then be converted into refractive-index profile.

The quantitative phase microscopy method I applied is on the basis of the trans-
port of intensity equation (TIE) [62-64]. The basic idea is that the wavefront of light
traveling through a transparent material is affected by its phase gradients. For a
one-dimensional object (along the x-axis), the TIE can be derived from the paraxial

wave equation, resulting in the following expression for the phase function ¢(x) [65]:

o) = 22 [ ) / (D 12)) (4.11)

(x

Here, n represents the refractive index of the sample, Ay is the light vacuum wave-

length, and I(z) denotes the intensity of the object along the x-axis. Furthermore,
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dI(z)
dz

is the axial intensity gradient along the beam-propagation direction, which can
be approximated by the difference of two slightly defocused images.

The optical path length (OPL) of the object can be calculated from the related

phase ¢(x):
Ao
2mn

OPL(z) = ¢(z) (4.12)

Once OPL is known, the refractive-index change of the modified area, An(x), can

be calculated using the following equation:

_ OPL(x)

An(z) y

(4.13)

where d is the thickness of the modified area in the material.

Equation (4.11) shows that the phase profile can be calculated from three images:
one showing the intensity I(x) of the sample in focus, and two symmetrically defocused
around the sample to estimate the axial intensity gradient %(;). The experimental
setup of the TIE measurement is displayed in Figure 4.12(a). This setup takes ad-
vantage of the existing DLW fabrication system (the left portion of Figure 3.14 in
Chapter 3) and is easy to implement. The Kohler epi-illumination is set up using
a 530 nm LED light, which is coupled through the same objective lens used for the
fabrication by a dichroic mirror. The light is reflected through a 50/50 beam splitter
and a tube lens, and imaged onto a CCD camera. The defocused images are recorded
by translating the tube lens axially (with respect to the waveguide axis) by a small
amount, Az.

Figure 4.12(b) shows the OPL measurement of a waveguide fabricated in a glass
block using the TTE method, together with the result using interferometry. For the
interferometric measurement, the light source in Figure 4.12(a) is changed to a 640

nm diode laser and a Mach—Zender interferometer is installed between the tube lens

and the CCD in order to introduce a shear to one arm [65]. The refractive-index
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Figure 4.12: (a) Experimental setup for measurement of accumulated OPL in the
z-axis for embedded waveguides using quantitative phase microscopy (TIE). (b) Com-
parison of OPL measurements by interferometry and the TIE method for one DLW
written waveguide in a fused silica glass.
profile An(z) can be calculated from OPL using Equation (4.13). Figure 4.12(b)
shows a good match between the TIE and interferometer results, indicating the TTE
method is a valid metric for the refractive-index evaluation of waveguides.
Compared with the PMNFM, the TIE method has the advantage of taking the
existing DLW fabrication setup and can estimate the refractive index of the written
waveguides without moving. However, the TIE method is very sensitive to the illu-
mination condition and normally contains 30% fluctuation in the result. Moreover,
it is difficult to get an accurate value for the modified region, which is d in Equa-

tion (4.13). But it is a good indicator for simple refractive-index estimation during

the DLW fabrication process.

4.7 Insertion and Propagation Loss

The insertion loss of an optical waveguide normally comprises three factors: the

input and output coupling losses to and from the waveguide, and the propagation
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loss along the waveguide. In order to obtain a better optical mode to couple into the
fabricated waveguide, laser beam is first coupled into an optical fiber, whose output
is then coupled into the waveguide. The optical fiber is directly butt-coupled to the
waveguide end-facet to reduce device size and eliminate complicated alignment.
Limited by the equipment, destructive loss measurement such as cut-back method
cannot be used in my case. The scattering light along propagation direction in the
waveguide is recorded by a CCD camera, but the intensity resolution of the recorded
image cannot provide sufficient accuracy for loss calculation. Therefore, a direct
measurement method is applied. In order to estimate the insertion and propagation
loss of the DLW written waveguide, the Thorlabs S121C photodiode is first tested
for power measurement. Unfortunately, no power difference is observed between the
input and output of the DLW written waveguide, both of which maintain an observed
value of 0.1 uW (too small for the photodiode). Therefore, a CCD camera is used
for power estimation in my case. The laser power is adjusted for the input and
output measurement to avoid intensity saturation on the CCD camera, but the camera
settings (brightness, shutter speed, gain, etc.) are maintained to keep the results
comparable. After taking images of the near-field mode from the input and output

of the waveguide, the intensity calculation algorithm is as follows:

1. Select the region of interest ROI in the image (red box in Figure 4.13, for

example).

2. Calculate the average intensity values of the background (the area outside the

red box).
3. Subtract the background value from the ROI.
4. Integrate the intensity value inside the ROI.

5. Normalize the integrated intensity of the input and output. Divide the inte-
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(a) input near-field image (b) output near-field image

Figure 4.13: CCD images of the waveguide input and output, and their selected ROI.

grated values by the corresponding laser power of the input and output mea-

surements.

6. Divide the normalized integrated intensity values of the output intensity by that

of input, thereby showing the coupling efficiency between the output and input.

For example, the near-field modes of the input and output are captured before
and after the waveguide under test (Figure 4.13). The laser power is 1.5 W and 3.1
wW. The original image has a dimension of 1,024 x 768 pixels. Now select a ROI
of 50x50 pixels. By applying the above algorithm, the integrated intensity value of
Figure 4.13(a) is 19,270 and Figure 4.13(b) is 11,334. Thus the normalized input inten-
sity is 19,270/1.5= 12,847 and the normalized output intensity is 11,334/3.1=3,656,
resulting in a coupling efficiency ratio of 3,656/12,847=28.5%.

Note that the measured insertion loss is significant; this is mainly attributed to
butt-coupling into the waveguides with fiber. When coupling the light from the
SM600 fiber-end into the waveguide, the average coupling efficiency is approximately
30% for a 10 mm single-mode waveguides (5.2 dB) using the described method and

algorithm. There are a few major contributors to this loss:

1. Coupling misalignment: the stage (Figure 4.14 used for the free-space coupling is

a 3-axes stage. It has only coarse adjustment, micrometer-accuracy in its control
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of the coupling angle. The loss of the single-mode waveguide coupling is mainly
due to this misalignment, as it is more sensitive to the angle than multimode.
It is also noticed that the output mode is jittering, probably because of the
unstable mechanical spring inside the stage. This all can result in high loss

during coupling.

2. Mode mismatch loss: as it is described in Section 2.4.2 in Chapter 2, when light
is coupled into waveguides, there are different dimensions between the input
and output modes. The mode coupling loss is determined by the overlapping

of the two modes.
3. Fresnel reflection loss: there is 4% reflection loss from the two reflection facets.

4. Loss on the waveguide edge: if the edge of the sample is not polished properly,
the waveguide might not be perpendicular to the edge, or the waveguide end

might not be close enough to the edge, etc.
5. The propagation loss of the DLW waveguide.

Theoretically, the coupling efficiency, 7, between the fiber and waveguide can be

calculated using the overlap integral as follows:

)= [ [ Ef(a,y)E; (2, y)dedy)®
| | Bz, y)Ef(z,y)dadyP|[[ [ Ew(w,y) By (2, y)dedy)?]

(4.14)

where the integrals are taken over all space. Ef(x,y) and E,(x,y) are the electric
field of the fiber and waveguide, E*(z,y) represents complex conjugate.

A Matlab program is developed to calculate the coupling efficiency using Equa-
tion (4.14). For a fiber mode and a waveguide mode displayed in Figure 4.15, the
calculated 7 is 92.4%.

Limited by the quality of the equipment in the lab, especially the stages, there

is also large loss caused by coupling misalignment. Most of the 5.2 dB insertion loss
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Figure 4.14: Experimental setup for the waveguide coupling.

cannot be attributed to propagation loss of the waveguide. For comparison, when a
piece of 10 mm SM600 fiber is cut and placed for testing instead of the waveguide,
an insertion loss of 4.6 dB is observed. As the propagation loss of 10 mm SM600 is
negligible, 4.6 dB can be used as a reference of the system insertion loss (exclude the
propagation loss). By comparing with the SM600 result, the actual propagation loss

of the waveguide is estimated to be approximately 0.6 dB/cm.

4.8 Conclusion

The improved PMNFM proposed in this chapter allows a better accuracy in predicting
the transmission characteristics of optical waveguides. Because of the high sensitivity
to the noise in the experimental data, data post-processing should be applied using
the Savitzky-Golay filter and curve-fitting technique. In addition, to simplify the
prediction of propagation properties, the ESI profile is calculated to obtain a better

understanding of the written waveguide, as the characteristics of step-index fiber are
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(a) fiber mode (b) waveguide mode

(c) fiber mode profile (d) waveguide mode profile

Figure 4.15: Calculation of mode-coupling efficiency. (a) fiber mode; (b) waveguide
mode; (c) extracted fiber mode profile in Matlab; (d) extracted waveguide mode
profile in Matlab.
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well-known. The calculated results from the experimental data on the SM600 single-
mode fiber and a DLW waveguide, with both the improved PMNFM and the ESI
method, are close to expectation with small errors. This indicates good accuracy of
the proposed methods.

For simply estimation, quantitative phase measurement via the TIE method is
also applied to understand the refractive-index profile during fabrication by taking
advantage of the existing DLW system. Measurement of the insertion and propa-
gation loss is important for waveguide characterisation as well. Limited by the lab
equipment, an accurate loss measurement cannot be obtained. The propagation loss
of the DLW written waveguide can only be estimated by comparison with the known
commercial single-mode fiber. Our group are now updating and improving the ex-
perimental equipment in the lab by using much higher quality stages and photodiode
for better measurement. In general, the PMNFM and TIE method discussed in this
chapter have provided sufficient information about the refractive-index profile of the
DLW waveguide for the system, whereas the quality of the waveguide can be mea-
sured by a good estimation of the propagation loss in comparison with the known

commercial fiber.
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Chapter 5

Fabrication of Optical Waveguides
in Fused Silica

Optical waveguides inside pure silica glasses are demonstrated and discussed in this
chapter. Following the investigation of adaptive aberration correction in the direct
laser writing (DLW) system, waveguides fabricated at various depths (up to 1.2 mm)
are investigated and analysed. Based on the characteristics analysis of the written
waveguides, fabrication parameters are carefully adjusted to obtain higher-quality
components. It is demonstrated that the quality of the focal spot in ultrafast DLW
fabrication is improved dramatically by applying the aberration correction, especially
when deep into the sample. The potential of the DLW technique with adaptive op-
tics for three-dimensional (3D) photonic structures is shown by the demonstration
of y-splitters in fused-silica. A y-splitter is modelled using commercial BPM-CAD
software and its bend losses are estimated by another commercial program called
FIMMWAVE. The dimensions of the splitter are carefully designed and the propa-
gation characteristics of the y-splitter is simulated. Y-splitters with different writing
structures are then fabricated and characterised. Finally, the design and fabrication

of parallel and multi-spot writing are briefly discussed. The results and fabrication
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details of the aberration-corrected waveguide at different depths has been discussed

and published in [66].

5.1 Introduction

The investigation of the DLW technique was first explored in silica glasses [1, 4]
because of their excellent properties and importance in optical applications. However,
depth-dependent aberrations have been a big concern for the DLW technique in the
past decades, which greatly limits the capability of 3D fabrication at greater depths.

A very low NA objective is normally used to solve this problem but the spatial
resolution is sacrificed. In addition, as discussed in Chapter 3, lower NA leads to a
highly asymmetric cross-section for transverse laser writing. Here, waveguides fab-
ricated by the DLW with aberration correction using a SLM are demonstrated deep
inside fused silica. Properties of the waveguides written with and without aberra-
tion correction are studied and compared. Homogenous single-mode waveguides in a
transverse geometry with circular cross-sections are obtained with the proposed tech-
nique. Depth-dependent aberrations are significantly reduced or eliminated, enabling
the writing of optimal waveguides deep below the surface. Experimental results reveal
that high quality single-mode waveguides can be produced over a significant depth
range (>1 mm), while maintaining the accuracy of the fabrication position. This
facilitates the fabrication of more complex three-dimensional (3D) waveguides, and
adds greater control over the shaping and quality of the focal spot during the DLW

process.

5.2 Waveguide Fabrication at Various Depths

Aberration may be induced by many different factors, one of which is the refractive-

index mismatch between the processed material and the objective immersion medium.
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The refractive-index mismatch aberration is depth-dependent and comes from an
optical path length (OPL) difference between beams enter the interface at different
angles (0; and 65 in Figure 5.1). As each angle has different phase delays, the phase
aberration ¢ induced by the air-dielectric (with a refractive index of n) interface can
be written as follows:

_ 27dnom

¢ = " (n cos By — cos by) (5.1)

where )\ is the laser vacuum wavelength, d,,.,, is the nominal depth focusing within
the sample, and #; and 6, are the angles of convergence.

If the NA of the objective is known, Equation 5.1 can be converted to:

o 27Tdnom

6(r) = =32 (VP = (VA2 — /1= (NAn?) (5:2)

where 7 is the normalised pupil radius.
The phase aberration can be compensated by applying the conjugate of the

refractive-index mismatch aberration function ¢x(r) to the SLM:

27Tdnom

Or(r) =~ <\/(n2 T (NAR)? — /T (NAr)2) (5.3)

The phase aberration can be divided into two portions: the spherical aberration
(SA) and the defocus. Following the notation used by Cumming et al. [67], if we
define s as the defocus factor, it links d,,,,, and d,.; via the relation d,,,,, = sd,;. The

spherical defocus function can be written as follows:

Do(r) = QZ?d\/(nz (VAR = %ﬂ_s) (VA (54)

Here Ad = d”‘”"f(l_s) = dyet — dpom 18 the distance that the focus is shifted, as shown in
Figure 5.1. The offset in the fabrication depth Ad leads to unpredictable waveguide

positions, and may cause problems when light is coupled into the top and bottom
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waveguides at the same time. This extended depth of field also results in a highly

asymmetric cross-section with multimode operation at large depths.

)
b
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A

Figure 5.1: Schematic of the aberration generated during laser fabrication.

If the defocus function D, (r) is subtracted from the conjugated function ¢g(r),

the defocus-free spherical aberration compensation, ¢z(r), can be written as

o 277—dnom

Snlr) = 0n(r) = Dalr) = =3 (s3/T= (VATP — /(2 —(NAr?)  (55)

The required stage position can be found by moving Ad, and the defocus-free SA
can be corrected separately. The optimal value of s corresponds to the condition
when the phase magnitude at the centre and edge of the pupil are equal, i.e. when

¢’R(1) = ¢%2(0). To meet this condition, s should be equal to

n—\/n2— NA?

. (5.6)

1—+/1— NA?

The relationship between 1/s(duet/dpom) and NA is displayed in Figure 5.2. Obvi-

ously, the ratio of dy./dom increases with NA. However, 1/s changes slowly at NAs

lower than 0.6 and starts to increase dramatically at higher NAs. For fused silica
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Defocus Factor vs. Numerical Aperture
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Figure 5.2: Relationship between the defocus factor (1/s) and the numerical aperture
(NA) of the objective lens.
(n=145),1/s=151at NA=0.5and 1/s =1.94 at NA = 0.95.

During DLW fabrication, the phase pattern shown in Figure 5.3(a) is first applied
on the spatial light modulator (SLM). It comprises three main components: the blazed
grating, slit and background phase pattern. The blazed grating is used to diffract
the maximum light to the first order, which reduces the interference with the other
unmodulated light from the SLM. The slit is used to obtain a more symmetric waveg-
uide cross-section, as discussed in Section 3.2 in Chapter 3. The background phase
pattern is used to correct the initial flatness of the SLM and the system aberration.
As discussed in Chapter 3, the plasma emission sensing technique is then applied to
obtain the correction phase pattern for depth-dependent aberration at each depth.
All components add up to a final phase pattern (at a depth of 650 um for example),
as shown in Figure 5.3(b).

Optical properties of the waveguides at different depths are related to their depth-
dependent aberration. Compared with other DLW systems, our DLW system with

adaptive optics has the advantage of accurate aberration correction at various depths,
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(a) SLM pattern without aberration cor- (b) SLM pattern with aberration correc-
rection tion

Figure 5.3: SLM phase pattern for waveguide fabrication: (a) phase pattern as blazed
grating and slit without aberration correction; (b) phase pattern with aberration
correction at 650 um depth (defocus of 4400 pm, 4+0.25 for mode 5, -0.5 for mode 6
and mode 8, +0.5 for mode 7, -0.25 for mode 11, mode 22 and mode 37).

thereby greatly improving the quality of the focal spots.

Fabrication parameters should also be carefully adjusted during DLW process.
Different pulse energies (measured at the back aperture of the objective) and writing
speeds are tested to obtain the optimal parameters for DLW fabrication. For example,
combinations of parameters in Table 5.1 are tested for the DLW system at a depth of
0.2 mm. The fabricated waveguides are shown in Figure 5.4. Obviously, waveguide
D has the optimal performance, resulting in sufficient refractive-index modification
without cracking. At a pulse energy of 3.8 uJ, waveguide A and B can create some
small refractive-index changes. At a pulse of of 4.1 pJ, waveguide C has non-uniform
modification when the speed is too fast (50 pm/s). When the pulse energy is too high
(> 4.3 pJ), severe damage occurs in the substrate during DLW fabrication resulting
in cracking (waveguide E and F).

Figure 5.5 shows waveguides fabricated at various depths of 0.2, 0.5, 0.8, 1.0
and 1.2 mm into a fused silica sample, at a speed of 0.25 mm/s, with slit beam-

shaping. During fabrication, the power of the laser should also be carefully chosen by
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a) Waveguide A b) Waveguide B ¢) Waveguide C
d) Waveguide D e) Waveguide E f) Waveguide F
g) Waveguide A h) Waveguide B i) Waveguide C

j) Waveguide D k) Waveguide E 1) Waveguide F

Figure 5.4: Waveguide fabricated at 0.2 mm with different pulse energy and writing
speed as listed in Table 5.1. (a)-(d) top-down view of the fabricated waveguides
under transmission microscope (with slight defocus); (e)-(h) cross-sectional view of
the fabricated waveguides under transmission microscope (with slight defocus).
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Waveguide Pulse Energy (uJ) Speed (pum/s)
A 3.8 50
3.8 25
C 4.1 50
D 4.1 25
E 4.3 50
F 4.3 25

Table 5.1: Fabricated waveguides with different pulse energies and writing speeds.

rotating the angle of the half-wave plate at the laser output. Without the aberration
correction, particularly at higher depths, the focal spot can be highly aberrated,

resulting in non-circular and non-homogenous waveguides with larger cross-section.

0.2 mm 0.5 mm 0.8 mm 1.0 mm 1.2 mm

(b) top-down view without aberration correction

Figure 5.5: Microscope images of waveguides fabricated at different depths without
aberration correction.

Conversely, when an aberration correction is applied (Figure 5.6), circular and

homogenous waveguides can be created in the focal region at different depths. The
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cross-sections of the waveguides maintain a similar profile, even deep into the surface.

0.2 mm 0.5mm 0.8 mm 1.0 mm 1.2 mm

(a) cross-section view with aberration correction

0.2 mm 0.5 mm 0.8 mm 1.0 mm 1.2 mm

(b) top-down view with aberration correction

Figure 5.6: Microscope images of waveguides fabricated at different depths with aber-
ration correction.

Note that more pulse energy is required for refractive-index modification at larger
depths. As shown in Table 5.2, the pulse energy increases dramatically from 4.9 pJ
(at a depth of 0.2 mm) to 9.9 uJ (at a depth of 1.2 mm), if no aberration correction
is applied. There is much less increase (3.9 uJ to 5.8 pJ) over the same depth range
with aberration correction. The high pulse energy requirement is mainly caused by
the depth-dependent abberation, which highly extends the dimensions of the writing
focus.

The aberration correction can also help to precisely situate the waveguide position
inside the sample. Figure 5.7(b) shows that, at the depth of 1.2 mm, the uncorrected
waveguides are highly elongated and off from the original set position, whereas the
corrected ones are circular and precisely located (Figure 5.7(a)).

Waveguides written without aberration correction change to multimode waveg-
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Depth Below Required Pulse energy without Required Pulse energy with
Surface (mm) aberration correction (uJ) aberration correction (uJ)
0.2 4.9 3.9
0.5 5.2 4.1
0.8 7.0 4.5
1.0 8.5 5.0
1.2 9.9 5.8

Table 5.2: Pulse energy requirement at different depths with and without aberration
correction.

(b) cross-section of waveguides at the depth of 1.2 mm

Figure 5.7: The position offsets of the waveguides fabricated at the depth of 0.1 mm
and 1.2 mm, under the transmission microscope (with slight defocus). The right two
waveguides in both images are aberration corrected, while the left ones are not.
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uides at greater depths. Conversely, waveguides fabricated with aberration correction
continue to transmit single mode (Figure 5.8(a)) with well-confined circular cross-
sections. Waveguides fabricated at different depths (0.2, 0.5, 0.8, 1.0 and 1.2 mm)
with corrected aberrations are shown in Figure 5.8(b). It can be seen that the waveg-
uide fabricated at a depth of 1.2 mm has similar quality as the ones at lower depth
of 0.2 mm, while maintaining single mode. This indicates that focal spots are well

aberration-corrected during the DLW fabrication.

0.2 mm 0.5 mm 0.8 mm 1.0 mm 1.2 mm

(a) intensity of the uncorrected waveguide

0.2 mm 0.5mm 0.8 mm 1.0 mm 1.2 mm

(b) intensity of the corrected waveguide

Figure 5.8: The near-field intensity distributions at the end of fabricated waveguides
for a wavelength of 630 nm.

For an aberration-corrected waveguide fabricated at a depth of 0.8 mm, a total
loss of 5 dB at 630 nm over 10 mm is measured. As discussed in Chapter 4, significant
losses are mainly attributed to butt-coupling into the waveguides with fiber. Take
the insertion loss of the commercial fiber SM600 as a reference, the actual estimated
propagation loss of the written waveguide is approximately 0.5 dB/cm. By using the
quantitative phase microscopy during fabrication, as proposed in [65], the maximum
refractive-index increase at the center of this waveguide is approximately 4.5 x 1073,

Light at a wavelength of 630 nm is coupled into the waveguide and the intensity
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Figure 5.9: Refractive-index calculation of an aberration-corrected waveguide at a
depth of 0.8 mm using the PMNFM.

distribution at the end facet of the waveguide is imaged onto a charge-coupled device
(CCD) camera. Analysis of this image using the improved propagation-mode near-
field method (PMNFEM) is shown in Figure 5.9. The calculated refractive-index profile
is displayed in Figure 5.9(a), with a refractive-index difference of approximately 3.8 x

1073 at its peak.

5.3 Design and Fabrication of Y-splitters

To demonstrate the capacity of DLW for optical devices, y-splitters with different
dimensions and parameters are modelled and fabricated. With adaptive optics, the

fabricated y-splitters have more symmetric and circular profiles compared with pre-
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vious demonstrations.

5.3.1 Bend Losses

Before the design of y-splitters, it is essential to understand the relationship between
the bend losses and bend radii. Traditionally, the most commonly used bend loss
model is developed by Marcuse in [68]. In general, the radiation loss caused by the
curved waveguide can be obtained by calculating the amount of output power AP

per unit length of the waveguide and from the loss formula:

AP
— 5.7
2a iz (5.7)

where P is power carried in the straight guide and « is the amplitude-loss coefficient
of the guided wave. Here, 2« is used to represent the power-loss coefficient.

From [68], 2 can be presented as follows for a weakly guiding fundamental mode:

_ Varteap—5(v}/B7) R

5.8
273/2V2v/R(In va)? (5:8)

Here, 3, is the propagation constant in the straight guide and can be calculated from
the eigenvalue equation of the guided modes. R is the radius of curvature of the bent

waveguide, core-cladding interface is at r = a, and

v = /B85 — niks

k= \/n2k? — 32

V = R = ka7

where ng is the refractive index of the cladding, n; is the refractive index of the core,

iH

and kg is the wavenumber in vacuum.
For a single-mode weakly-guiding waveguide, with known wavelength Ay, An and

a, the relationship between the bend radius and the loss can be estimated using
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Bend Loss vs. Radius
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Figure 5.10: The relationship between the bend radius (mm) and the loss (dB/cm)
using the Mercue’s modelling. \g=600 nm, An = 2 x 10~% and a=3 pm.

Equation (5.8). Figure 5.10 shows an example when \g=600 nm, An = 2 x 1072 and
a=3 pum. The waveguide loss is expressed in dB per centimeter (dB/cm) and is plotted
against bend radius in mm. The “safe” bend radius (when the loss is negligible) is
R > 10mm.

Equation (5.8) can only be used for estimation of weekly guiding, step-index single-
mode waveguides. For complicated structures with other refractive-index profiles,
other tools are needed. In my case, FIMMWAVE version 6, a commercial software
that uses the bend waveguide module and a finite difference method (FDM) complex
solving engine, is applied for calculation of accurate bend losses. If the same param-
eters (Ao, An and a) are used as in Figure 5.10, similar simulation result is obtained
by FIMMWAVE (Figure 5.11).

For circularly symmetric waveguides with a cladding refractive index of 1.45 and a
quadratic variation of the index assumed across the fiber core, the simulation results
are shown in Figure 5.12 and Figure 5.13. In Figure 5.12(a), when the numerical

aperture (NA) is 0.1 (An = 0.0034), at a wavelength of 800 nm and a core radius
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step index, An=0.0022, NA=0.08
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Figure 5.11: The relationship between the bend radius (mm) and the loss (dB/cm)
using FIMMWAVE. \y=600 nm, An = 2 x 1073 and a=3 pm.

of 4 pm, the “safe” bend radius (when the loss is negligible) is approximately 50
mm. With everything else held constant, if NA is reduced to 0.08 from 0.1 (value
in Figure 5.12(a)), the “safe” bend radius will increase to approximately 250 mm
(Figure 5.12(b)).

For a different wavelength of 600 nm and a core radius of 3 pum, when NA is 0.1,
the “safe” bend radius is approximately 30-40 mm (Figure 5.13(a)). Reducing the NA
to 0.08 increases the “safe” bend radius for a quadratic fiber back to approximately
150 mm, or even several thousand mm when NA = 0.06.

It can be seen from the simulation results that bend losses are more sensitive to
NA than the wavelength. Based on the refractive-index measured using the PMNFM
in Figure 5.9, the NA is 0.1 at a wavelength of 630 nm, with a core radius of 3.5 pm,
the bend loss is negligible when R > 100 mm. Bend loss calculations are notoriously
difficult and more work is probably needed to check their reliability. However, the
simulation results can be used as references for the fabrication of bend waveguides,

especially for the design of y-splitters.
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Figure 5.12: Simulation results between the bend loss and the radius of the waveguide
at a wavelength of 800 nm.
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Quadratic index, An = 0.0034, NA = 0.1,
Wavelength = 600 nm, Core radius = 3 ym
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Figure 5.13: Simulation results between the bend loss and the radius of the waveguide
at a wavelength of 600 nm.
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LAF

Figure 5.14: Bend radius calculation of a bend waveguide.

5.3.2 Modelling of Y-splitters

A y-splitter has two arms, both including straight and curved regions. As shown in
Figure 5.14, the curved S-bend region comprises two identical arcs with a radius of
R.

If the total length of the curved region is Lgp and the offset of the arm is Lgp,

the bend radius can be calculated as follows:

(Lp/2)* + (Lgr/2)?

R— (5.9)
Lgr
The curved region has a total curved length Lo of:
Lgp/2
Lpc = 2R - arcsin % (5.10)

With the refractive-index information of the written waveguide using the algo-
rithm discussed in Chapter 4, y-splitters can be modelled using BPM-CAD, a soft-
ware package used for waveguide modelling of a variety of integrated and fiber optics.
The beam propagation method (BPM) is used in the software to simulate the prop-
agation of light through any waveguide. Different lengths and separations are tested

and simulated. One example is shown in Figure 5.15. The total length of the splitter
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R = 640 mm Cc E

1 mm
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Figure 5.15: Design of a y-splitter in a fused silica glass sample.
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Figure 5.16: BPM-CAD simulation results of a y-splitter.

is 10 mm with a 0.05 mm separation. The refractive index of the substrate is 1.45
with a step-index difference of 3 x 1073 for the waveguide. The width and height of
the waveguide are 6 ;1 m each. The simulation results are shown in Figure 5.16. The
wavelength is set to 600 nm, the excitation field is Gaussian and non-polarisation is

assumed.

5.3.3 Fabrication of Y-splitters

A simple y-splitter is fabricated on the basis of above modelling at a pulse energy of

4.1 pJ and a speed of 25 um/s. Y-splitters with different dimensions are fabricated
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Figure 5.17: Shift of two arms in a y-splitter in a fused silica glass sample.

and tested. Figure 5.15 is one example of the written y-splitters with a total length
of 10 mm (Lar) and a separation distance of 0.05 mm (Lgg). The straight portion
before (L 4p) and after (Lop and Lpg) splitting are both 1 mm. The splitting junction
is composed by two arc S-bends, whose radius can be calculated by Equation 5.9. The
calculated bend radius is approximately 640 mm, much larger than the “safe” bend
radius obtained from simulations in previous section. Therefore, the bend losses of
the designed y-splitter are negligible.

During the fabrication, if the upper arm and lower arm of the y-splitter are fabri-
cated, the straight portion before splitting (L4p) is double-scanned. To avoid severe
damage or crack of this region, the upper arm and lower arm can be written with
inter-scan shifts. In our case, an inter-scan shift of 2 pum is applied, as shown in
Figure 5.17. This provides more uniformity over the front region (Lsp) and higher
refractive-index modifications.

A y-splitter fabricated at a pulse energy of 3.9 uJ and a speed of 25 pm/s is shown
in Figure 5.18. The output optical modes of two y-splitters, with (y-splitterl) and
without (y-splitter2) inter-scan shift, are shown in Figure 5.19 and Figure 5.20. For
y-splitterl, the estimated splitting ratio is 45/55 and the total insertion loss of 8.7 dB,
including splitting loss (3 dB) and fiber butt-coupling loss. As discussed in Chapter 4,

significant losses are mainly attributed to butt-coupling into the waveguides with
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50 um

(a) front-straight (b) branching region  (c) separating region (d) end-straight

Figure 5.18: A y-splitter with DLW under the microscope in a fused silica glass
sample. (a) front-straight region (AB); (b) branching region (B); (c) separating region
(BC); (d) end-straight region (CE, DG).

(a) y-splitterl upper arm (b) y-splitterl lower arm

Figure 5.19: Optical near-field mode of y-splitter 1 with inter-scan shift.

fiber. By taking the insertion loss of the commercial fiber SM600 as a reference, the
estimated propagation loss is approximately 1.1 dB/cm. For y-splitter2, the estimated
splitting ratio is approximately 50/50 and the total insertion loss is 9.4 dB. The
estimated propagation loss of y-splitter2 is approximately 1.8 dB/cm. Y-splitterl
performs better than y-splitter2 because of the inter-scan shift that increases the
refractive-index modification by double-scan. Investigation is still required to further
optimise the performance of y-splitters with different structures and different writing

paramters.
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(a) y-splitter2 upper arm (b) y-splitter2 lower arm

Figure 5.20: Optical near-field mode of y-splitter 2 without inter-scan shift.

5.4 Parallel Fabrication

Investigation of the fabrication of other different waveguides is also undertaken. One
example is that of multi-spot parallel waveguide fabrication. As discussed in Chap-
ter 3, by applying different phase pattern to an SLM, different multi-foci array can be
generated for parallel writing. A few test guides are written with different structures.
Figure 5.21(a) shows a 3 x 3 array fabricated by writing three waveguides simul-
taneously at the same depth, then repeated three times at three different depths.
Figure 5.21(a) shows the near-field mode while coupling light through the written
waveguides. Note that the differences in the near-field mode are not only due to
differences between the waveguides, but also to different coupling angles. Similar
fabrication is also performed with a hexagonal array. However, the characterisation
of the written waveguides is not well-measured, and further work is still required to

optimise the properties of the written guides.
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(a) 3x3 array structure (b) 3x3 array mode

“,

(c) hexagonal array structure (d) hexagonal mode

Figure 5.21: Parallel writing of two multi-spot waveguides.

115



5.5 Conclusion

In conclusion, depth-dependent aberration has been corrected for DLW deep below
the surface, and waveguides fabricated at various depths in fused silica have been
demonstrated. The application of a plasma emission sensing method to the DLW
system for adaptive aberration-correction has greatly improved the quality of the focal
spot, especially at greater depths. This technique facilitates the fabrication of high-
quality waveguides far below the surface, which is significant and useful for the DLW
fabrication of 3D optical waveguides. Models and fabrication of a simple y-splitter are
presented on the basis of the characteristic parameters of the DLW system. Using the
DLW technique to fabricate high-quality waveguides in a single monolithic substrate,
advanced 3D optical interconnects and other applications (optical communication,
quantum circuits, optical data storage, etc.) can be realized. Other complicated 3D
optical waveguides (such as parallel writing) are under study. The novel adaptive
DLW system shows the potential for the future design of more complex 3D optical

components.
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Chapter 6

Ultrafast Laser Fabrication in

KDP Crystal

In this chapter, the fabrication of optical waveguides in potassium dihydrogen phos-
phate (KDP) crystal by ultrafast direct laser writing (DLW) is demonstrated. This
is the first time, to my knowledge, that two types of waveguides (type I and type II
as discussed in Chapter 2.2) are obtained in KDP crystal. Compared with previous
work, smooth regions of modified refractive-index change can be observed in KDP
because of the implementation of aberration correction. Although unstable at high
temperature, type I waveguides can be stable at room temperature for over 4 months.
Type II waveguides are obtained and maintained stable after annealing at 150 °C for
2 hours. The result of the KDP fabrication has been published in [69] and the DLW
application in KDP crystal for second harmonic generation is summarised in [70].
The chapter begins with an introduction of DLW in KDP crystal. The experimen-
tal setup is described and related results are discussed. Analyses and characteristics of
the written waveguides are then presented, including refractive-index modifications,
transmission losses, polarisation-dependent guiding properties and thermal-annealing

effects. Finally, similar results are demonstrated in LiNbOj crystal.
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6.1 Introduction

Ever since the first demonstration of ultrafast DLW of waveguides in glass in 1996 [1],
extensive efforts have been made to explore the potential for writing waveguides in
many different transparent optical materials [2,3,25,71-74]. The KDP crystal is
a widely used nonlinear optical material with a high damage threshold, which is
employed in a variety of frequency-conversion applications. Considerable attention
has been paid to the fabrication of waveguides in some nonlinear crystals, such as
active-ion-doped YAG [75,76], KT;OPOy, [77,78] and LiNbO; [28,79-82]. However,
a successful demonstration has never been possible in KDP [31]. One issue affecting
KDP in particular is that the threshold for modification of the refractive index is
close to the damage threshold, i.e., the laser written waveguide can be easily dam-
aged during its fabrication. Therefore, it is very difficult to control the fabrication
parameters carefully enough to be able to produce smoothly modified regions with
acceptable refractive-index change inside the KDP crystal.

By implementing the aberration correction with adaptive optics, two types of
refractive-index modification can be induced in KDP crystal using our DLW system.
For moderate laser powers, type I homogeneous waveguides are created; moreover, at
higher pulse energies, type II waveguides are formed in the stressed area surround-
ing regions of laser-induced damage (please see Section 6.3 for the details of these
waveguides). Double-line and four-line structures are applied to the type II guides to
increase mode-confinement. Polarisation-sensitivity and the transmission properties
of written waveguides are critical properties and are carefully studied. The results
indicate that high-quality waveguides can be fabricated in KDP, offering the poten-
tial for further applications to nonlinear integrated-optics. Similar results are also
presented in LiNbOj crystal, which has a relatively high refractive index and more
severe aberration at greater depths. By applying adaptive aberration correction, the

quality of the waveguides in LiNbQOj is greatly improved.
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Figure 6.1: Schematic diagram of the ultrafast laser fabrication system. Lens focal
lengths are shown in mm. Some intermediate optics have been omitted for clarity.

6.2 Experimental Setup

The fabrication system for KDP crystal is the same as the one used for fused silica,
as shown in Chapter 3. Here a schematic diagram of the DLW-fabrication system is
shown in Figure 6.1. Again, the femtosecond laser operates at a repetition rate of
1 kHz with 100 fs pulses centered at a wavelength of 790 nm. The beam is adap-
tively controlled by a spatial light modulator (SLM) for beam shaping and aberration
correction [46,48,49], as discussed in Chapter 3.

The laser pulses are focused 170 to 250 pum below the surface of a 10-mm-thick
KDP sample (10x5x10 mm), which is cut with the optical axis at 67.5° to the x-axis,
providing the desired phase-matching conditions for type II spontaneous parametric
down-conversion along the x-axis [83]. All waveguides are fabricated at a speed of
10 pm/s along the x-axis (perpendicular to the laser optical axis) at a length of 3
mm. For directly writing type I waveguides, slit beam-shaping is applied on the
SLM to achieve a symmetric focal disc for fabrication [46]. The cross-section for

structural modifications in type II waveguides is strongly asymmetric because of the
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relatively low NA of the objective lens. For characterisation, a laser beam at a chosen
wavelength is fiber-coupled into the KDP waveguides and the end facet is imaged with
a charge-coupled device (CCD) camera, as described in Chapter 4. Although most of
the waveguides are characterised at a wavelength of 535 nm, the guiding properties

are also investigated at 415 nm and 630 nm with similar results.

6.3 Experimental Results and Discussion

The properties of the written waveguides are related to numerous fabrication pa-
rameters, including pulse energy, translation speed and focus-shaping. Two types
of waveguide designs that are typically used for single-mode operation in crystalline
materials can be fabricated by varying the pulse energy [3]. At lower pulse energy
when no visible material damage occurs, a refractive-index increase is created in the
modification region at the focus (Figure 6.2(a)). This type of direct laser writing
modification, which is similar to conventional DLW waveguide-fabrication in amor-
phous materials, produces what is conventionally known as a type I waveguide. Type
I waveguides have previously been demonstrated in a few crystalline materials, no-
tably LiNbOj3 and have normally been observed to deteriorate with time and disap-
pear after thermal-annealing [28]. Conversely, type II waveguides for which a higher
pulse energy is employed during fabrication are permanent and thermally stable.
Light-guiding is observed adjacent to the laser damage tracks in the crystal, with
the associated induced stress field believed to create a local refractive-index increase.
A double-line structure (Figure 6.2(b)) is usually used in type II waveguides to ob-
tain more symmetric and better-confined guiding modes [28,79-82]. Other four-line

structures (Figure 6.3) are also of interest and have been used in some applications.
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(a) refractive-index type I modifica-  (b) refractive-index type II modification
tion

Figure 6.2: Two types refractive-index modification using the direct laser writing
technique in crystalline materials. The red spots are the laser-modified areas, and
the blue curves are the estimated refractive-index profiles.

(a) diagonal (b) parallel

Figure 6.3: Four-line waveguide structures: diagonal and parallel.
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6.3.1 Type I Waveguide

Figure 6.4 displays a single-line type I waveguide fabricated with a pulse energy of 5.1
uJ (measured at the back aperture of the objective), at a speed of 10 pm/s and with
slit beam-shaping. When the refractive index is modified without slit beam-shaping,
little guiding can be observed because of the highly asymmetric cross-section. With
slit beam-shaping (as discussed in Chapter 3), Figure 6.4(b) shows a circular and
homogenous waveguide created by a smooth refractive-index modification in the focal
region. Note that careful control of the pulse energy is necessary, as the threshold for
observed structural modification is very close to the damage threshold. If the pulse
energy is too small (lower than 4.7 uJ), insufficient refractive-index modification is
induced, whereas pulse energy that is too high (higher than 5.5 ©J) would damage
the material. In both cases, a negligible transmitted optical mode is observed at the
end facet and waveguide fabrication is unsuccessful.

The type I waveguide in KDP, in contrast to those reported in LiNbOs, is observed
to be stable at room temperature for a period of over 4 months without any change
to either the coupled optical mode or the physical appearance of the waveguide when
viewed by a transmission microscope. However, after thermal annealing at 150 °C for
2 hours, the index-contrast of the type I waveguides deteriorates and light guiding
becomes impossible, as shown in Figure 6.4(d)-6.4(f).

The polarisation guiding properties of type I waveguides (before annealing) are
investigated by rotating a linear polarizer in front of a CCD camera. Results reveal
a highly polarisation-dependent guiding, with only the TM mode (E-field polarized
along the y-axis) being observed (Figure 6.5). The reason behind this laser-induced
anisotropy is not fully understood, but this possibly indicates that the refractive-
index modification constitutes a high degree of birefringence. This further indicates
that there may be some reduction of the non-linear properties of the crystal within

these type I waveguides.
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(d) () (f)

Figure 6.4: Type I single-line waveguide fabricated at a pulse energy of 5.1 uJ and a
speed of 10 um/s, with the slit beam-shaping before (a-c) and after (d-f) annealing.
(a)(d) top-down view of the fabricated waveguides under transmission microscope
(with slight defocus); (b)(e) cross-sectional view of the fabricated waveguides under
transmission microscope (with slight defocus); (c¢)(f)the near-field intensity distribu-
tion for a wavelength of 535 nm at the end of the waveguide.

(a) TE mode (b) diagonal (¢) TM mode

Figure 6.5: Optical mode of type I single-line waveguide at different polarisation. (a)
horizontal polarisation (TE mode); (b) diagonal polarisation; (c) vertical polarisation
(TM mode).
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Figure 6.6: Edge view of the waveguides.

A total loss of 5.8 dB at 535 nm is measured for the type I structural modifica-
tion guided light of the TM mode. As discussed in Chapter 4, significant losses are
mainly attributed to butt-coupling into the waveguides with fiber. By comparing the
insertion loss with that of the commercial fiber SM600, the actual estimated propa-
gation loss is approximately 1.3 dB/cm. In addition, because of the lack of necessary
equipment, I am not able to polish the KDP crystal following fabrication. As a con-
sequence the waveguides terminate ~ 30um from the end facet (Figure 6.6), resulting
in large losses when fiber-coupling light into the guide. Therefore, the propagation
loss of the waveguide should be much less than 1.3 dB/cm.

The refractive-index profile of TM light for type I waveguides is estimated on
the basis of the propagation-mode near-field method (PMNFM) [37]. The calculated
refractive-index profile is presented in Figure 6.7(a), with a refractive-index difference
of 2.3 x 1073 at its peak. The field distribution of the fundamental mode for the
calculated refractive-index profile is shown in Figure 6.7(b), with a mean square error
of 1.9 x 1073 from the measured field profile. These results are in good agreement

with measurements from quantitative phase microscopy (TIE) [65].
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Figure 6.7: Refractive-index modification of type I single-line waveguide. (a) calcu-
lated refractive-index profile using propagation mode near-field method; (b) measured
and calculated field distribution of the fundamental mode.

6.3.2 Type II Waveguide

For pulse energies above 0.17 pJ without any beam shaping (uniformly illuminated
objective pupil), tracks are induced that are clearly visible as faults in the KDP
crystal lattice. Such tracks are found to guide light adjacent to the region of laser
damage in analogy with type II waveguides observed in other crystalline materials [3].
Normally, a double-line structure is applied for type II waveguides to improve mode-
confinement. Proper separation distance (in the y-axis) between two adjacent lines
is chosen to achieve optimal guiding, as shown in Figure 6.8. If the two lines are too
close, a nonuniform refractive-index distribution occurs between the adjacent stress
fields of the two damaged tracks. If the two lines are too far apart, the behaviour is
similar to that of a single-line damaged track whose mode cannot be well-confined.
For the system, 15um is found to be the optimal separation distance.

Clearly, the transmitted mode of the type II waveguide (Figure 6.8(c)) is not
as well-contained as that of the type I waveguide(Figure 6.4(c)). Three different
type Il waveguide structures are investigated in an attempt to improve the mode-

confinement, as shown in Figure 6.9. Based on the result from Figure 6.8, the in-
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Figure 6.8: Type Il double-line waveguides written at a pulse energy of 0.17 uJ
and a speed of 10 pum/s, without slit pupil beam-shaping. (a) top-down view of the
fabricated waveguides under microscope; (b) cross-sectional view of the fabricated
waveguides under microscope; (c) the near-field intensity distribution for a wavelength
of 535 nm at the end of the waveguide.

tuitive four-line structures that I first use to better confine the mode are shown in
Figure 6.9(a) and Figure 6.9(b). Their resulting optical modes are shown in Fig-
ure 6.9(d) and Figure 6.9(e), which are better confined than that in Figure 6.8(c).
A double-line structure with greater axial elongation in Figure 6.9(c) is also investi-
gated. The axial elongation of the laser-induced features is increased by reducing the
effective NA of the objective lens using the SLM [46].

Results shows that the three structures have similar guided modes. As it offers
faster fabrication, a more circular mode and a simpler structure, the elongated double-
line structure (Figure 6.9(c)) is therefore chosen for further investigation. Attention
should be paid to selecting appropriate dimensions for the elongated focus. The
optimal size applied in the experiment is approximately 2 pmx15 pm, corresponding
to an effective NA of 0.3. A less-elongated focus would result in inferior mode-
confinement, whereas a more-elongated one would dramatically increase the pulse
energy necessary for fabrication. In contrast to the type I waveguide, the properties
of the type II waveguide are much less sensitive to the fabrication pulse energy.

The type II waveguides are stable at room temperature for over 4 months with-
out any change in the coupled optical mode. After thermal-annealing at 150 °C for
2 hours, the type II waveguide continues to exist (unlike the type I waveguides),

but with changes in the intensity distribution of the guided mode (as can be seen
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Figure 6.9: Type II waveguides with different structures. (a-c) cross-sectional view
of different waveguide structures under microscope ; (d-f) the near-field intensity
distribution for a wavelength of 535 nm at the end of respective waveguide structures

(a-c).
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Figure 6.10: Type II elongated double-line waveguide written at a pulse energy of
1.2 uJ and a speed of 10 pm/s after annealing. (a) top-down view of the fabricated
waveguides under microscope; (b) the near-field intensity distribution at the end of
the waveguide.

by a comparison between Figure 6.10(b) and Figure 6.9(f)). Under inspection with
a transmission microscope, it is found that the laser-induced damaged track (Fig-
ure 6.10(a)) changes under annealing, revealing a much greater nonuniformity along
its length. This is likely to affect the refractive-index profile of the guide, thus affect
the guiding mode.

The polarisation-guiding properties of the type II waveguide (before and after
annealing) are also investigated. The type II waveguides are much less polarisation-
dependent relative to the type I guides discussed previously. It is shown in Figure 6.11
that before annealing, the type Il waveguides act in both polarisation states, but with
a propagation-loss that is still polarisation-dependent. After annealing, the waveguide
becomes almost polarisation-independent, showing the potential for applications such
as the generation of pure heralded single photons [84].

A total loss of 7.8 dB at 535 nm is measured for the elongated double-line type
IT waveguide for circular polarisation. Again, this is mainly due to the high coupling
loss, and the estimated loss of the waveguide is approximately 3.3 dB/cm. An addi-
tional loss of 1.3 dB loss is observed for guiding after annealing. The refractive-index

profiles of the type Il waveguide after annealing are also estimated on the basis of the
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(a) TE,before (b) diag,before (c) TM,before

(d) TE,after (e) diag,after (f) TM,after

Figure 6.11: Optical mode of type II elongated double-line waveguide at different
polarisations before (a-c) and after (d-f) annealing. (a)(d) horizontal polarisation
(TE mode); (b)(e) diagonal polarisation; (c) (f) vertical polarisation (TM mode).
Note that the power coupled into the guide is increased by a factor of 1.85 for images

(d-f).
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Figure 6.12: Refractive-index modification of type II elongated double-line waveguide
after annealing. (a) calculated refractive-index profile using propagation mode near-
field method; (b) measured and calculated field distribution of the fundamental mode.
PMNFM. The calculated refractive-index profile of the type II waveguide is shown
in Figure 6.12(a), with a refractive-index difference of 1.6 x 1073 at the center of the
peak. The field distribution of the fundamental mode for the calculated refractive-
index profile has a mean square error of 4 x 10~3 from the measured field profile. The

main contributor to the error is the measurement noise from the background around

the boundary.

6.4 Ultrafast Laser Fabrication in LiNbOj;

Lithium niobate (LiNbO3) has been widely used for active optical applications, be-
cause of its excellent electro-optic, acousto-optic and nonlinear optical properties.
Due to its applicability to integrated optical devices, LiNbOg is one of the first crys-
tals to be investigated for DLW waveguides. Compared with KDP or fused silica,
two significant shortcomings exist for LiNbOj3. First, it has been reported that type I
waveguides in LiNbOg3 are not stable after low-temperature annealing or even have a

gradual decay of light guidance at room temperature [85]. As a result, type II waveg-
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) lower energy b) higher energy

Figure 6.13: Non-reciprocal phenomenon of double-line type II waveguide in LiNbO3.

uides seem to be more commonly used than type I in LiNbO3. The second drawback
of DLW fabrication in LiNbOj is its relatively higher refractive index (n~2.3 at a
wavelength of 600 nm), resulting in highly-aberrated laser pulses, especially deep
below the surface.

During the fabrication, it is observed that the DLW fabrication in LiNbOj is
direction-dependent. Normally, for a double-line structure, one waveguide can be
finished by going down (-y) for the first track and down (+y) for the second one. An
obvious difference is observed by writing in opposite directions, which is called the
non-reciprocal phenomenon [86]. Asymmetric writing in opposite directions is not
observed in fused silica or in LiNbO3 when the pulse energy is low (< 4uJ in Fig-
ure 6.13(a)). However, at high pulse energy (> 9uJ), fabrication along -y direction re-

sults in much higher refractive-index modification than +y direction (Figure 6.13(b)).

This non-reciprocal phenomenon is very rare in optics. It appears in LiNbOj
because of the asymmetry in the crystal structure, and the beam interacts with the
crystal differently with different directions of light propagation. When the direction
of the laser beam is reversed from +z to -z directions, fabrication along +y direction
results in higher refractive-index modification than -y direction. More tests into this

non-reciprocal phenomenon are required for further investigation.

131



() (d)

Figure 6.14: Microscope and optical mode images of type II double-line waveguide in
LiNbOj3 before and after aberration correction. (a)(c) cross-sectional view and optical
mode image before aberration correction; (b)(d) cross-sectional view and optical mode
image after aberration correction.

Therefore, the double-line structures in LiNbOg3 are fabricated in identical direc-
tion (+y) in order to obtain symmetric waveguide profiles. Figure 6.14(a) shows a
double-line type II waveguide fabricated in LiNbO3 without any aberration correction.
Under inspection with a transmission microscope, it is found that the laser-induced

damage tracks (Figure 6.14(a)) have great non-uniformity. This results in poor con-

finement of the transmitted mode and poor guiding performance (Figure 6.14(c)).

By taking advantage of the DLW with adaptive optics offering aberration correc-
tion, the resulting type II waveguide and its optical mode are obtained as shown in
Figure 6.14(b) and Figure 6.14(d). Similar to KDP, a proper separation distance of
17 pm (in the y-axis) between two adjacent lines is chosen to achieve optimal guiding.

Results show that type II waveguides in LiNbOg3 are stable at room temperature for
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over 1 month. A total loss of 6.7 dB at 535 nm is measured for the double-line type
IT waveguide. Again, this is mainly due to the high coupling loss and the estimated

loss of the waveguide is approximately 2.1 dB/cm.

6.5 Conclusion

I have demonstrated femtosecond written waveguides in KDP for the first time. De-
pending on the incident fabrication pulse energy, structures supporting both type
I (guided mode contained within the fabricated region) and type II (guided mode
adjacent to the fabricated region) waveguides are formed. Note that, to the best
of my knowledge, this is the first ever demonstration of waveguides in KDP crys-
tal. Smooth and room-temperature stable type I waveguides have been created with
the appropriate pulse energy. However, type I waveguides are highly polarisation-
dependent with only the TM mode being transmitted. In addition, they are also
found to disappear after annealing at 150 °C for 2 hours. Conversely, type 11 waveg-
uides with an elongated double-line structure persist after annealing and demonstrate
polarisation-independent waveguiding. The type II waveguides also have the advan-
tage of easy fabrication compared to type I waveguides, which require careful control
over the pulse energy. Finally, type II waveguides with aberration-correction have
also been fabricated in LiNbOj, enabling substantial improvement in the quality of

DLW-fabricated waveguides and their resulting guiding properties.
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Chapter 7

Quantum Random Number

(Generation

A high-speed quantum random number generation (QRNG) scheme on the basis
of quantum phase fluctuations is proposed in this chapter. Although the QRNG
system is not directly related to the previous chapters, the potential application of the
direct laser writing (DLW) to quantum information area has attracted considerable
interest. This project is done in collaboration with the quantum information group
at the University of Science and Technology of China. With the possibility of a
more stable and compact interferometer provided by DLW, the QRNG scheme can
be implemented at an ultrahigh speed and eventually integrated onto a chip. The
result has recently been published [87] and highlighted in the MIT Technology Review
as the World’s Fastest Quantum Random Number Generator!.

First, the background on the development of QRNG is reviewed and a discussion
on how the DLW technique can play a key role in miniaturization of the QRNG system
is presented. A 68-Gbps high-speed QRNG system on the basis of quantum phase

fluctuations is then introduced. The randomness analysis is discussed to quantify

Thttp://www.technologyreview.com /view /538406 /worlds-fastest-quantum-random-number-
generator-unveiled-in-china
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the quantum randomness of the raw data and data post-processing is applied for
randomness extraction [88]. Finally, experiment shows that the generated random
number files can pass the standard randomness tests, which indicates a good level of

true randomness.

7.1 Introduction

In the modern information society, random numbers play an indispensable role in
various areas, ranging from lotteries to high-tech national security. A random string
is a sequence of numbers generated by a physical or computational method that is
hard (or even impossible) to predict. In classical information theory, computational
algorithms are used for random number generation (RNG), based solely on deter-
ministic logic. This type of RNG is often known as pseudo RNG, and can never
produce “true” random numbers because its output can be predicted when sufficient
computational power are performed. Clearly, when the key is predictable, no secure
cryptosystem can exist.

True RNGs can only be on the basis of physical processes. Some naive physical
approaches such as dice-tossing and coin-flipping, might be useful in applications that
do not require high-speed bit rates such as lotteries. Hardware RNGs originating from
physical processes such as noise in electric devices, nuclear fission, and circuit and
radial decay, are believed to be able to offer better random numbers. However, the
origins of the randomness from these approaches are unclear, because these schemes
normally involve complicated Newtonian processes that may produce no randomness.

QRNG provides means to generate randomness stemming from the nondetermin-
istic nature of quantum physics. In QRNG, true randomness can be guaranteed by
the fundamental laws of quantum mechanics [89]. In the early development of QRNG

schemes, single-photon detectors were normally required [90-92]. For example, by
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simply measuring the path selection of single photons while passing through a beam
splitter, random numbers can be generated. The generation speed can be improved
by extracting more than one bit of information from a single-detection event. The
bottle neck for such schemes lies in the time-resolution of the single-photon detector
and the detector dead time. For a single-photon detector, after detection, the device
is set to “inactive” for a short period of time in order to allow the system recover to
the initial stage. This “inactive” time is called detector dead time.

Bit rate is the key parameter for characterising the performance of QRNG, espe-
cially for some special applications. For instance, given a 10 GHz clocked quantum
key distribution system [93], a random bit stream beyond 40 Gbps is required. In
order to solve these application issues for QRNG, various schemes have been proposed
to replace expensive and low-performance single-photon detectors with low-cost and
highly efficient photodetectors. Such schemes require the exploitation of another
physics principle — vacuum fluctuation [94-96]. This scheme can be implemented by
sending a strong local oscillator through a beam splitter and detecting the differ-
ential signal of the two output beams with a balanced optical receiver. The input
of the unused port of the beam splitter can be regarded as a vacuum state. The
randomly chosen quadrature of the vacuum state is measured by beating it with the
local oscillator. The output interference signal is strong enough to be detected with
a high-speed and low-cost photodiode operated at room temperature.

In practice, the photodiode itself contributes access noise, which may introduce
bias into the output random numbers. To acquire reliable random numbers, it is thus
important to operate the detector in the shot-noise limit, where the overall observed
noise is dominated by the vacuum noise. However, building a broadband shot-noise
limited homodyne detector beyond a few hundred MHz is technically challenging.

In order to go beyond the bandwidth limitation of a shot-noise limited homodyne

detector, QRNG schemes on the basis of quantum phase fluctuations have been devel-
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oped [97,98]. The phase noise of a single-mode laser can be attributed to spontaneous
emission, which is random according to quantum mechanics [99]. The phase noise
of a macroscopic laser field can be easily measured via an interferometer by convert-
ing phase into intensity. The intensity output from the interferometer is measured
by conventional low-cost and high-speed photodetectors rather than single-photon
detectors. This removes the speed limitation of single-photon detectors, and can sig-
nificantly increase the bit rate of the QRNG system. The reported QRNG systems
using the quantum phase fluctuations have demonstrated bit rates of 500 Mbps [97]
and 6 Gbps [98]. In the system, a high-speed of 68 Gbps and low-cost QRNG is
achieved, which is one order-of-magnitude improvement compared with the previous
work. To achieve this rate, the laser is operated at its threshold level when quantum
noise is dominant. The stable interferometer is designed with active feedback, which
eliminates the phase fluctuation of the interferometer without any temperature con-
trol. After modelling and quantifying the contribution of quantum noise, quantum
random bits are finally generated.

The key device in the high-speed QRNG system is an actively stabilized inter-
ferometer, which can be potentially replaced by a more stable and compact interfer-
ometer using DLW in the near future. Note that the size of QRNG is an important
factor for its applications. Modularization and miniaturization is the future direction

of QRNG, where waveguide will be widely employed.

7.2 Experimental Realisation

The experimental setup is shown in Figure 7.1(a). A 1,550 nm continuous wavelength
(CW) laser diode (LD), driven by a constant current, is operated slightly above its
threshold. This ensures that the main contribution to the phase fluctuations comes

from spontaneous emission, rather than from the chaotic evolution of the macroscopic
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field [100]. The laser beam enters a homemade polarisation-insensitive Michelson in-
terferometer after passing through a circulator. The interferometer comprises a three-
port circulator, a 50/50 beam splitter (BS), a phase shifter (PS) and two Faraday
rotator mirrors (FRMs). The fiber length of the homemade interferometer is approx-
imately a few meters, and can be potentially replaced by a more stable and compact
DLW written waveguide interferometer in the near future. A time delay of approx-
imately 3.735 ns between the two arms of the interferometer is much smaller than
the coherence time of the laser. With such a configuration, two FRMs can effectively
remove polarisation effects, making the interferometer polarisation-insensitive. The
interferometer has two output ports, i.e., OUT1 and OUT2, as shown in Figure 7.1(a).
OUT1 is monitored by an optical power meter (PM). The measurement results of the
PM are uploaded to a computer, in which a proportional-integral-derivative (PID)
algorithm is implemented. The PID program sends feedback signals to an open-loop
piezo controller (PC, Thorlabs MDT694B) to precisely tune the PS in real-time. In
this way, phase stabilisation in the interferometer can be maintained at a high level
and conventional temperature control for the interferometer is not required.

When there are no feedback signals, the phase drifts over the whole [-7,+7] range,
making the phase-measurement results invalid. In this case, temperature control is
required for the stability of the interferometer. After applying feedback signals, a
typical measurement result of OUT1 over 20 minutes is shown in Figure 7.1(b), and no
temperature control is needed in our case. The phase of the interferometer maintains
at a high level and OUT1 is almost constant, which indicates that the interferometer
is stable over a reasonable amount of time. The small fluctuations of the signal can be
regarded as classical noise. OUT?2 is detected by a 15 GHz photodetector (PD, EOT
ET3500F). The voltage output of the PD is sampled by an 8-bit analog-to-digital
converter (ADC) in a 12 GHz oscilloscope (Agilent DSA91204A) and raw data are

generated. Limited by the memory size of the oscilloscope, 20.5 million points or 164
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Figure 7.1: (a) Experimental setup of the quantum random number generation sys-
tem. Photons emitted from a CW laser enter a polarisation-insensitive Michelson
interferometer after passing through a circulator. OUT1 is monitored by a PM, and
OUT?2 of the interferometer is detected by a PD. A computer reads the PM sig-
nal and uses the PID algorithm to send feedback signals to a PC for PS control.
The outputs of PD are sampled by an 8-bit ADC in a high-speed oscilloscope. BS:
beam splitter; PS: phase shifter; PM: power meter; PC: piezo controller; FRM: Fara-
day rotator mirror; PID: proportional-integral-derivative control; PD: photodetector;
ADC: analog-to-digital converter. (b) Optical power measured at OUT1 of the in-
terferometer over 20 minutes with feedback signals, indicating that the active phase
stabilisation for the interferometer works well.

million bits are acquired each time to form one raw data file. At a sampling rate of
10 GSa/s, the corresponding data acquisition period is 2.05 ms. The raw data is then
transferred to a computer for post-processing.

From Figure 7.1, one can see that all parts except the interferometer can be simply
integrated on a small printed circuit board, implying that compact and high-speed
QRNG modules or components are not far from realisation. The size of the inter-
ferometer is the bottleneck for performing QRNG on a chip. The DLW technique
can provide more compact interferometers and reduce the size of components signif-
icantly. This technology can greatly promote the miniaturization and practicality of
high-speed QRNGs.

The quantum phase fluctuations measured are often mixed with classical noise.
The min-entropy of the raw data is evaluated by modelling the system and is used to

quantify the quantum randomness. Thus, the bias of the raw data caused by other

signals, such as classical and detection noises, can be removed by Toeplitz-matrix
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hashing randomness extraction [88]. The final random numbers should be examined

through standard randomness tests.

7.3 Analysis and Data Post-processing

Photons emitted from a laser normally come from two sources: stimulated and spon-
taneous emission. In the standard quantum optics model, photons from stimulated
emission are assumed to have fixed phases, whereas the ones from spontaneous emis-
sion have random phases and can be used as a quantum random source. However,
when the total phase of photons is measured, quantum phase fluctuations are often
mixed with classical noise. It is necessary to make the ratio between quantum noise
and classical noise as high as possible. Therefore, an experiment was performed which
reveals that when the laser is operated around its threshold level, spontaneous emis-
sion is high enough to dominate the phase fluctuations. With an interferometer, the
phase fluctuations are transmitted into intensity fluctuations and then measured by
the photodetector. Compared with previous schemes, the quantum phase noise can
be easily measured by classical photodetectors rather than low-speed single-photon
detectors, which therefore greatly increases the bit rate of QRNG.

Once the raw data is obtained, its randomness is evaluated by the model described

in [97,98]. First, the electric field of the CW laser can be modelled as follows:

E(t) = Eyexpli(wot + 0(t))] (7.1)

Subsequently, the interferometer output intensity (after interference) with a time

delay of AT is given by

2E2 + 22 cos [woAT + 0(t + AT) — 0(t)] (7.2)
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Here, the phase fluctuations of the laser source are measured by the phase difference
between times ¢ and t + AT, defined as Af(t) = 0(t + AT) — 0(t). After subtracting

the direct current signal, the measured signal can be described by

I(t) < P cos(woAT + AG(t)) (7.3)

As shown in Figure 7.1(a), the PS in the interferometer is constantly tuned such that

wo AT maintains 2mm + 7/2 (m is an integer). Because Af(t) is small, we have

I(t) oc Psin(A6(t)) ~ PAO(t) (7.4)

Therefore, the phase fluctuations of the laser source can be measured directly by
the intensity of the interferometer output. In addition to the signals from phase
fluctuations, the variance of the photodetector output also contains background noise

as follows:

(V(t)*) = AP*(AO(t)*) + F (7.5)

where A is the linear response constant between the optical input signal and the
photodetector voltage output. Meanwhile, as mentioned before, the total phase fluc-
tuations can be divided into signals from quantum fluctuations (Q/P) and classical

fluctuations (C) [97,98],

(AO()*) =Q/P+C (7.6)

Finally, there are three contributors to the intensity variance:

(V(t)?) = AQP + ACP*> + F (7.7)

where AQP is the quantum signal of interest that should be maximised, compared

with the classical counterpart ACP? + F. The classical noise can be removed with
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Figure 7.2: The PD amplitude variance as a function of LD power at different sam-
pling rate ranging from 1 GSa/s to 10 GSa/s. The solid line represents the theoretical
fit at a sampling rate of 10 GSa/s.

randomness extraction to obtain the final random bits.

According to Equation (7.7), by changing the laser power P, the parameters of
AQ, AC and F can be estimated via data fitting. In experiments, different amplitude
variances of the PD output are measured by precisely tuning the LD power from
minimum to 10 mW. The PD output is sampled by the oscilloscope with different
sampling rates. The results are shown in Figure 7.2. The signal variances response to
the laser power at four different sampling rates consistently. The minor differences are
caused by the access noise of the measurement, such as the bandwidth and resolution
of the oscilloscope. The measured values are then fitted, and the results are listed
in Table 7.1. As one can see, the fitting values are consistent in the four different
sampling cases.

In order to quantify the randomness of the raw data, a min-entropy evaluation
model is developed on the basis of the QRNG system. To maximise the min-entropy of

the raw data, one can optimise the ratio of the quantum signals to other noises [88,98],
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Table 7.1: The theoretical fitting values of the parameters at four sampling rates.
Parameter 1 GSa/s|2 GSa/s|5 GSa/s|10 GSa/s
AQ (mV?/mW) || 6.0142 | 5.8581 | 6.0569 | 6.2068
AC (mV?/mW?)| 0.4201 | 0.4563 | 0.4279 | 0.3958
F (mV?) 0.1714 | 0.2052 | 0.2200 | 0.2162
R? 0.9977 | 0.9988 | 0.9989 | 0.9982

which is defined as
AQP

s Sl 7.8
ACP? + F (78)

Y

This allows the value of v to be calculated on the basis of the fitted values of param-
eters listed in Table 7.1. Meanwhile, to verify that the calculated ~ is accurate, an
experimental approach [98] is employed to directly measure this parameter. Because
the classical noise should dominate the phase fluctuation when the laser power is
sufficiently high; therefore one can assume that the quantum signal to classical noise
ratio, 7y, is close to 0 when the LD is operated at its maximum power. Then the
classical noise, AC, can be directly measured (upper bounded). Note that any finite
value of v in the high-power regime would result in an underestimation of the min-
entropy evaluation, which is allowed because it is the lower bound of the min-entropy
that is used for data post-processing.

In the experiment, the laser is operated at its maximum power (around 12 mW)
and a digital variable attenuator is used before the interferometer to tune the incident
power from minimum to 12 mW. Note that the key difference between this setup and
the one to acquire data for Figure 7.2 lies on the position of the variable attenuator.
With this setup, the voltage variance caused by the classical noise at each power can
be directly measured. Combining the total voltage variance as measured in Figure 7.2,
the experimental values of v with different laser powers and different sampling rates
are obtained and shown in Figure 7.3. The experimental results are consistent with the
theoretically calculated values. For our QRNG, the signal-noise ratio reaches its peak

value, v = 5.46, at a power of 0.9 mW. Under this optimal condition, signals caused
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Figure 7.3: The quantum signal to classical noise ratio v as a function of LD power
at different sampling rates. When the LD power is around 0.9 mW, ~ reaches the
maximum value, 5.46.
by quantum phase fluctuations dominate the sampling output. In the experiment,
the LD is always operated at the optimal power to generate raw random data.
According to a theoretical model in [88], the quantum signal follows a Gaussian
distribution. By combining Equation (7.7) and Equation (7.8), the variance of the
Gaussian quantum signal is given as follows:

_ _ 0
Uguantum - AQP - ﬁ(v(t)2> (79)

which gives complete knowledge about the distribution of the quantum signal.

The min-entropy is then defined as follows:

Hoo(X) = —logy( max P.[X = z]). (7.10)
ze{0,1}"

The maximum probability, P.[X = z|, should be calculated according to the
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Figure 7.4: (a) The plot of min-entropy versus 7. Symbols and line represent ex-
perimental values and theoretical calculation, respectively. (b) Optimal values of v
(green curve) and corresponding final random bit rates (red curve) in the cases of
four sampling rates. At a sampling rate of 10 GSa/s, the random bit rate reaches 68
Gbps.
Gaussian distribution. This is done by an experiment whose procedure is as follows.
The raw sampling data acquired in the oscilloscope is transferred to a computer
for post-processing offline. A Matlab program in the computer reads the data of 10
million points each time. The program first sorts all the data, and finds the minimum
and the maximum values to form the voltage range of [Vyuin, Vinaz|. Both data in
the ranges of the top 0.1% and bottom 0.1% is manually set to the corresponding
boundaries so that the effective range is changed to [Vi, V5]. This effective range is
further digitised with 8 bits corresponding to 256 bins, and all the remaining points
are sorted out in these bins. In this way, the probability distribution of the raw data is
formed and the bin that has the maximal probability can be easily found. Therefore,
the min-entropy can be calculated. The relationship between v and the min-entropy
is shown as the solid line in Figure 7.4(a). The increase in the slope of min-entropy
is steep when 7 is small, but becomes rather flat when v > 5.

In the cases of four sampling rates, the values of v are measured as shown on the
left y-axis of Figure 7.4(b), and the values of min-entropy are obtained as well. In

the case of a 0.9 mW laser power and a 10 GSa/s sampling rate, the total voltage
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variance is (V(£)?) = 5.24 mV? while the quantum part is 07,4, 1um = 4.49 mV?. The
effective voltage range is 10.2 mV and the maximum probability is P,,e. = 7.6 x 1073,

According to Equation (7.10), the min-entropy in this case is 7.04 bits per sample
point or 0.88 bits per bit, implying that 7.04 random bits can be generated from
each sample. At a sampling rate of 10 Gsa/s, the resulting random bit rate is 70.4
Gbps. A Toeplitz matrix hash function on the basis of the fast Fourier transform
(FFT) [88] with a size of n x m (n = 3.36 x 107 and m = 2.88 x 107) is applied,
implying that m final random bits are generated from n raw random bits. Therefore,
the min-entropy is slightly decreased to 0.86 bits per bit (m/n) so that the final bit
rate reaches 68 Gbps. Note that the real-time QRNG speed might be further limited
by the implementation of data post-processing.

Compared with previous schemes on the basis of quantum phase fluctuations [97,
98] and other QRNG implementations [90-92,101-106], the bit rate of our QRNG
has been drastically increased. Since the values of v are almost constant regardless of

the sampling rates, the final random bit rate is linearly proportional to the sampling

rate, as shown on the right y-axis of Figure 7.4(b).

7.4 Randomness Test

In the early development stage of RNG, many researchers were devoted to verifying
randomness by examining the observed random bit strings. Unfortunately, a strict
verification method for a RNG outputs does not exist, since it can never prevent a
malicious device from outputting a predetermined string that passes all of the tests.
From this point of view, true randomness can only exist in physical processes involving
inherent randomness. Nevertheless, there exists statistical toolboxes one can use to
test the randomness of RNG outputs with a high confidence from a statistical point

of view.
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Figure 7.5: (a) The autocorrelation of raw data at different sampling rates. Data
size of each file is 1 x 107 samples, and each sample comprises 8 bits. (b) The
autocorrelations of the Toeplitz-hashing output. Data size of each file is 1 x 107 bits.
The autocorrelations are substantially reduced by Toeplitz-hashing.

The autocorrelation diagrams of the raw data and the Toeplitz-hashing output
are shown in Figure 7.5(a) and Figure 7.5(b). There are no significant differences
among different sampling rates ranging from 1 GSa/s to 10 GSa/s. The autocor-
relation of the raw data is caused by the following reason: in the experiment, the
sampling rate is faster than the time delay between two arms of the interferometer.
The result is consistent with theory and does not affect the randomness [99]. After
Toeplitz-hashing, the autocorrelation is substantially reduced and consistent with the
expectation, which indicates that Toeplitz-hashing is suitable for post-processing and
the sampling rate ranging from 1 to 10 GSa/s is appropriate in the experimental
setup.

To further test and verify the quality of the final output random bits, the standard
NIST statistical tests [107] are implemented. The p-values and the proportions of all
the test items in four cases are listed in Table 7.2. For the test items that produce
multiple outcomes, a Kolmogorov-Smirnov (KS) uniformity test is further performed
for the p-values, and the proportions are averaged. Clearly, all the data pass the

NIST tests.
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Table 7.2: The results of the standard NIST tests for final random bits.

The data

size of each bit string is 1 Gbit. In tests producing multiple outcomes, a Kolmogorov-
Smirnov (KS) uniformity test has been further performed for p-values and the corre-
sponding proportions are averaged. All the p-values are larger than 0.01 and all the
proportions (PROP) are larger than 0.98, indicating that the random bits pass the

NIST tests well.

Statistical test 1 GSa/s 2 GSa/s 5 GSa/s 10 GSa/s
P-valuePROP|P-value[PROP|P-valuePROP|P-valuePROP
Frequency 0.4731{0.991]0.6288 | 0.994 [0.1209 | 0.987 | 0.6288 | 0.990
Block Frequency 0.572810.985(0.417210.991 | 0.2940 | 0.991 | 0.2925 | 0.992
Cumulative Sum 0.5667(0.98810.3770|0.993 | 0.6662 | 0.985 | 0.4313 | 0.991
Runs 0.8360{0.986 | 0.9915|0.992 {0.9932|0.992 | 0.6121 | 0.993
Longest Run 0.298310.992]0.5362 [ 0.993 [ 0.0401 | 0.986 | 0.0904 | 0.991
Rank 0.3299]0.992|0.149510.993 | 0.7792] 0.990 | 0.2111 | 0.992
FET 0.9335]0.983(0.0259 | 0.988 | 0.3056 | 0.989 | 0.5281 | 0.992
Non Overlapping 0.0662{0.990 | 0.0507 | 0.990 [0.1331{0.990 | 0.0599 | 0.990
Overlapping 0.4065 | 0.991 | 0.6080 | 0.987{0.8963 | 0.987 [ 0.0707 | 0.984
Universal 0.0366 | 0.992 |10.1917|0.990 | 0.4885 | 0.987 [0.7157 | 0.986
Approx. Entropy 0.0721]0.986 [ 0.2417]0.988 | 0.0469 | 0.991 | 0.5141 | 0.994
Random Excursions (RE)|0.3666 [ 0.991 | 0.2875]0.989 |0.1214 | 0.989 [ 0.3026 | 0.991
RE Variant 0.1849{0.991]0.1810[0.991 [ 0.2557 | 0.987 | 0.1407 | 0.991
Serial 0.743910.994 | 0.6579|0.989 | 0.5997 | 0.990 | 0.6559 | 0.992
Linear Complexity 0.9229]0.992]0.3086 | 0.993 [ 0.1816 | 0.990 | 0.5976 | 0.991
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7.5 Conclusion

In conclusion, a 68-Gbps QRNG on the basis of quantum phase fluctuations has been
demonstrated. This generation rate is one order of magnitude faster than the maxi-
mum previously obtained rate. With the help of feedback signals, the interferometer
in the QRNG system is very stable, and no temperature control is required anymore.
The calculation of the min-entropy and randomness of the raw data is modelled based
on the experimental setup, and the autocorrelation of the raw data can be removed
by applying the Toeplitz matrix hashing. The final generated random bits pass the
standard NIST tests, indicating a good level of randomness. The QRNG scheme im-
proves the generation rate dramatically compared to existing QRNG implementations
and becomes a practical solution for some high-speed random number applications.
A physical RNG is naturally composed of two parts: the source of randomness
and the means of measuring it. The source is the key part to ensure the quality of
the random numbers, thus needs to be carefully calibrated to achieve information-
theoretically proven randomness. Existing implementations of QRNGs indeed have
relied on ad hoc quantum source models to quantify the source [99]. In practice,
however, the source is a complicated physical system that can easily deviate from these
theoretical models and affect the output randomness without control. To close this
gap, a loss-tolerant source-independent QRNG has recently been proposed [108] with
an output randomness that can be certified even when the source is uncharacterised
or untrusted. Note that the loss tolerance is an important property because practical
detectors usually have low efficiencies. The proposed protocol makes no assumptions
about the dimensions of the source and takes account of practical issues, including
loss and finite-key effects. It can also be viewed as an exponential random expansion
scheme. In order to design a high-speed experimental setup to realise the source-
independent QRNG scheme, both a reliable interferometer and a fast optical switch

are required. With the development of DLW technology, such a task can be realized
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in near future.

As aforementioned, the key element in the QRNG system is a stable interferom-
eter. Currently, all interferometers are either free-space or fiber-based. The length
difference between two paths in the interferometer is normally in the range of a few
meters, and it is difficult to control the length accurately. An active feedback system
or temperature control is needed to maintain phase drift over the experimental time.
The implementation of interferometer using DLW is under investigation, which can be
accurately controlled and has very stable performance. The potential application of
the DLW technology in developing more compact and stable QRNG system is interest-
ing and promising. Considerable progress has been made on intriguing applications of
the DLW inscribed waveguide in crystalline materials, especially in the area of quan-
tum photonics [9,16,17,109,110]. The advantages of the ultrafast DLW technology
pave an efficient way to produce integrated circuits on chip scales for future QRNG,
and show its powerful ability and unique capability in diverse waveguide-fabrication

with high quality in dielectric materials.
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Chapter 8

Summary

8.1 Conclusion

In summary, the work discussed in this dissertation explores how to fabricate and
characterise optical waveguides with ultrafast direct laser writing (DLW). Specifi-
cally, it focuses on using a spatial light modulator (SLM) to actively correct aberra-
tions during the fabrication process. Experimental results have shown that, compared
with previous work, the quality of the waveguides can be dramatically improved by
applying adaptive optics in the DLW system. Two different aberration correction
techniques, the plasma emission sensing method and the Shack—Hartmann wavefront
sensing method, have been explored and evaluated. Plasma emission sensing method
is chosen because of its high-accuracy. The use of an SLM in a DLW system facilitates
the manufacturing process of more complex and higher-quality three-dimensional (3D)
waveguides, and adds more control of the beam shaping and geometry during fabrica-
tion. Equipment, fabrication procedures and control parameters of the DLW system
have been explained in detail in order to fully understand the process.

By measuring the intensities of the near-field modes, refractive-index profiles of

the fabricated waveguides have been well-evaluated using an improved propagation-
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mode near-field method (PMNFM) and an equivalent-step-index (ESI) method. In
addition, results of the quantitative phase microscopy have also provided valuable
refractive-index information for the fabrication system. Although there are still a lot
of limitations and challenges in predicting more accurate transmission characteristics,
sufficient propagation properties of the waveguides have been obtained during the
experiment.

With the understanding of the DLW system, waveguides written in different trans-
parent materials have been successfully demonstrated with different structures and
properties. Homogenous waveguides deep into fused silica glasses have been fabricated
with adaptive optics. Aberration correction applied to the DLW system enables the
demonstration of single-mode waveguides with circular cross-section over a significant
depth range (>1 mm), while the accuracy of the fabrication position is maintained.
In addition, the designed y-splitters can split the optical signal evenly based on the
experiment. Results of the y-splitters and parallel writing show a bright future for
fabrication of more complex 3D waveguides.

Two types of optical waveguides have been fabricated in the potassium dihy-
drogen phosphate (KDP) crystal by ultrafast laser pulses, for the first time to my
knowledge. Unlike fused silica, type I waveguides can be easily damaged in KDP
without aberration correction, and the pulse energy should be carefully controlled to
obtain homogeneous refractive-index modifications. Conversely, type II waveguides
can be created without much control at high pulse energies. However, the structures
of the type II waveguides can be adaptively modified with an SLM in the DLW sys-
tem, resulting in stronger mode-confinement. The polarisation sensitivity, thermal
annealing effects and transmission properties of the written waveguides have been
well-characterised, showing that high-quality waveguides can be obtained in KDP
crystal. Type II waveguides have also been demonstrated with improved quality by

aberration correction in LiNbOj crystal, whose refractive index is relatively high and
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difficult to fabricate at greater depths.

Finally, a quantum random number generation (QRNG) system on the basis of
quantum phase fluctuations have been presented with a high speed of 68 Gbps. This
demonstration successfully increased the reported bit rate by one order of magnitude
higher than the ones in the existing literature. The min-entropy has been used to
evaluate the randomness of the raw data by a system model, followed by the Toeplitz
hashing for randomness extraction. The key element in the QRNG system is an
actively stabilized interferometer, which can be replaced by a more stable and compact

DLW written interferometer in the near future.

8.2 Outlook

Ultrafast DLW of waveguides in transparent materials offers a promising future for
3D optical device fabrication. The advantages of ultrafast DLW with respect to
time, cost, flexibility and 3D capability continuously inspire more research interest
in the area. As technology moves forward, increasing attention is received and more
applications of the ultrafast laser fabrication will be discovered.

Limited by the equipment (stages, photodetector, laser sources) used for waveg-
uide characterisation, the propagation losses of the waveguides have not been accu-
rately measured in the project. Research funding has been obtained and the experi-
mental setup will soon be improved by higher-quality equipment. It is important to
obtain more reliable data with better equipment, which will provide more accurate
understanding of the optical properties of the waveguides using the DLW technique.

Further optimisation of the DLW system can be applied by incorporating the
technique with more understanding of the fabrication parameters. Different qualities
and characteristics of the written waveguide can be demonstrated with the effect of

different parameters. Research and experimental work so far have been focused on the
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direct fabrication and characterisation of optical waveguides by adjusting parameters
manually. For future work, the goal is to explore the detail relationship between the
control parameters (pulse energy, focus shape, scan speed, etc.) and the refractive-
index modification. The objective of building a modelling-fabrication-characterisation
cycle for a high-confidence well-characterised fabrication process is of great interest.

Experiment has shown that the adaptive optics can improve the performance of
the DLW system. Future investigation can be done to fabricate optical waveguides
with more complicated structures, such as mode convertors, electro-optic modulators,
frequency converters. Potential applications in integrated optics, quantum informa-
tion circuits, optical communications and optical storage should also be explored in
future work. Further improvement is under investigation to implement the laser-
written interferometer in quantum random generation. The main challenge faced in
the QRNG design is a stable interferometer and the DLW technique can be a po-
tential solution. Unfortunately, because of the lack of facilities, no I/O interference
could be made for the interferometer in the waveguide sample to be compatible with
the other components in the QRNG system.

Additional work on parallel and multi-spot writing should be also conducted. Sim-
ply parallel writing has been demonstrated but more research needs to be performed,
especially on the design of hologram algorithms considering depth-dependent aberra-
tion. In the experiment, aberrations have been reduced by applying proper holograms
while retaining the degree of parallelization.

The study of DLW fabrication in different transparent materials will undoubtedly
continue. One of the greatest advantages of the DLW approach is that by simply
changing the control parameters instead of the experimental setup, waveguides can
be directly written in different substrates. This will make flexible fabrication in

compound substrates possible, showing great future for integrated optics.
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