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Diamond micromachining of photonic materials: dynamics and the limits of

precision

by Matthew D’Souza

This thesis investigates the ultra-precision diamond micromachining of brittle
photonic materials, focusing on optimising machining processes to achieve
high-quality surfaces for applications in optical and quantum devices. It explores the
dynamics of physical machining in materials such as lithium niobate, silica, and
silicon, which are crucial in photonics due to their optical properties. By physically
machining within the ductile regime, chip-free surfaces were achieved, offering
nanometre-scale roughness and high uniformity, without requiring costly
post-processing. Ridge waveguides, optical facets, and alignment structures were
fabricated with a focus on minimising surface roughness, form errors, and defects.
Surface roughness measurements for ridge waveguide sidewalls reached as low as
0.16 nm when using a 100 um square-profiled blade. The impact of feed rate on blade

wear rate and resulting surface roughness was investigated over a range of 0.1 mms~!

to 10 mms—!

, revealing a critical shift at 2 mms~! in blade wear rate and a similar
shift in surface roughnesses at 4 mms~! in lithium niobate. A comparison of blade
wear, surface finish, and waveguide performance provides insights into deterministic

machining.

A novel confocal probe-based scanner has been developed to profile the long-term
variation of ridge waveguide uniformity, indicating an approximate 1.2 pm curvature
across all of the ridge waveguides fabricated. A comparison of ridge waveguides
tabricated with 300 pm and 100 pm wide dicing blades was performed, resulting in a
significant improvement in optical conversion efficiency — an increase of 226% for the
ridges machined with a 300 ym wide blade over a 100 pm wide blade. Plotting the
accumulative width variation using the confocal probe traces reveals that the ridges
machined with the 300 pm wide blade were significantly more consistent in their
widths, confirming the cause of the improved optical conversion efficiencies.


http://www.southampton.ac.uk

iv

The development of a novel 3D passive alignment structure based around
machined U-Grooves and optical fibres has been proposed; however, due to
inconsistent machine stepper backlash, practical success has been limited. V-Grooves
and U-Grooves have been compared from a general coupling alighment perspective,
with U-Grooves resulting in a 30% improvement in fibre-to-fibre alignment over an
unsupported gap of 3 mm compared to V-Grooves. This has resulted in improvement
of coupling efficiency from 97% to 99%.
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Chapter 1

Introduction and Motivation

Ultra-precision diamond micromachining of brittle crystalline materials has become a
topic of growing interest in optics and quantum fabrication research in recent years.
This technique enables the fabrication of centimeter-scale structures with
nanometer-scale roughness, which are difficult to achieve through etching or
cleanroom processes. It also bypasses certain limitations, such as byproduct
contamination generated by etching as in lithium niobate ridge waveguide fabrication
[1, 2], the inability to etch resistant materials, or being restricted to etching along
crystal axes [3, 4], allowing for machining of arbitrary shapes. However, unlike in the
semiconductor industry, where silicon is a universal material, no equivalent exists in
photonics. As a result, multiple crystalline materials must be considered, each with
significantly different physical properties. As device sizes shrink and tolerances
tighten, the demand for high-quality surfaces, free from defects such as cracks or
chips, has dramatically increased. In particular, machining processes for brittle
materials like lithium niobate, silicon, and silica must maintain structural integrity.
Machining brittle materials requires processing in the ductile regime, which enables
plastic deformation up to the material’s yield point, thereby providing a chip-free
finish [5].

There are three primary research areas of interest in optical and photonic machining
due to their importance in device fabrication: alignment, waveguides, and facets. The
alignment of the tool with the workpiece is critical and influences the other two areas.
Many optical and photonic devices have extremely small alignment tolerances from
both a machining and component perspective, especially as miniaturisation
progresses. Waveguides provide a path for high-intensity light propagation and can
enable high-efficiency nonlinear processes; however, stringent requirements are placed
on waveguide uniformity [6-8]. Facets have been physically machined successfully in
several crystalline materials, including lithium niobate [9, 10], KTiOPOy [11], and
Nd:YAG [12]. However, many other crystalline materials still need to be machined
with sufficiently low surface roughness and increasingly tight form consistencies.
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The fabrication of ridge waveguides in lithium niobate has attracted the most
attention because of the material’s high optical transparency and nonlinear optical
properties. Previous work by Carpenter demonstrated that physical machining could
be performed on the brittle material silica in the ductile regime, enabling chip-free
material removal and producing smooth surfaces. For silica, surface roughness values
of <14 nm Sa were reported [13], while for lithium niobate, Carpenter et al. achieved
a significantly lower roughness of 0.29 nm Sa [9]. This exceptionally low roughness is
comparable to results obtained by etching, which is one of the reasons why Covesion
Ltd., a University of Southampton spin-out focusing on lithium niobate non-linear
ridge waveguides, utilises dicing saws to machine optical waveguides and facets.
Building on this work, this research focuses on improving the uniformity of lithium
niobate ridge waveguides, utilising their non-linear characterisation processes for

optical testing.

The motivation for this work lies in the need to develop reliable, reproducible
methods for machining brittle materials, such as silicon, sapphire and lithium niobate,
that meet the stringent demands of modern photonic device fabrication, while
minimising energy consumption and reducing costly cleanroom processes [14-16].
Prior work has largely demonstrated proof-of-concept dicing of lithium niobate ridge
waveguides with limited focus on achieving deterministic manufacturing efficient
devices at scale. This work aims to address that gap by enabling the deterministic
machining of brittle materials with sub-nanometre surface roughnesses and tight
uniformity, specifically, dimensional deviations of less than 0.1 pm over tens of
millimetres. Achieving this level of control will enable the creation of
high-performance waveguides and other photonic components that are crucial for

telecommunications, sensing, and quantum applications.

This thesis focuses on the exploration and optimisation of ductile machining in brittle
materials, with a primary emphasis on lithium niobate ridge waveguides. However,
materials such as silicon and silica are also discussed. By investigating machining
parameters, this research contributes to the body of knowledge on ultra-precise
physical machining, offering insights into how to advance towards deterministic
machining of brittle materials while addressing the limitations of the dicing machines
used in this work.

1.1 Synopsis

Chapter 2 provides an overview of microfabrication techniques, with a special focus
on physical machining. It introduces physical machining using a dicing saw,
emphasising the growing interest in photonic and optical fabrication, particularly in

lithium niobate. Ridge waveguides are introduced, with an outline of the generic
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fabrication steps. The concept of ductile machining of brittle materials is also
presented. Additionally, the chapter reviews the physical machining of other optical
materials, highlighting the current limitations of this fabrication method, primarily

issues with uniformity defects.

Chapter 3 explores the metrology techniques used throughout this work. It introduces
key 2D and 3D surface parameters, such as surface roughness and peak-to-valley
measurements, alongside the metrology equipment utilised. Coherent scanning
interferometry (CSI) and confocal chromatic probes are discussed, with an explanation
of their measurement limitations. The development and verification of a confocal

probe scanner for large-scale profiling of machined features is also examined.

Chapter 4 discusses the dynamics of machining brittle materials, such as lithium
niobate, silicon, and silica, in the context of achieving smoother and more uniform
ridge waveguides and optical facets. It examines the evolution of cut shapes and
surface roughness during extended machining, introducing parameters to quantify
the shape. Blade wear rates and surface roughness are compared to identify a possible

link between wear rates and ductile machining.

Chapter 5 investigates the nonlinear optical conversion performance of wide and
narrow-blade machined ridge waveguides and compares these to waveguide
uniformity. The chapter introduces accumulative width variation as a quality factor
affecting the effective refractive index and phase matching. It also compares the
subsurface damage between polished and machined facets, discussing photorefractive

damage and surface roughness.

Chapter 6 explores the utilisation of physical machining for precision alignment in
optical and photonic devices. A review of different assembly designs is presented,
followed by an examination of a novel platform based on the use of optical fibres in
U-grooves for 3D alignment of components. The limitations of physical machining in
this context are discussed. A detailed comparison of U-groove and V-groove
alignment precision and the resulting transmission efficiencies is also provided, with
applications in an atom trap as part of a collaboration with Swansea University.

The final chapter summarises the findings from this research and outlines areas for
future work. It emphasises the need for further optimisation of physical machining
parameters and blade selection, particularly for non-lithium niobate materials. The
importance of addressing these challenges and gaining a deeper understanding of
blade evolution for deterministic machining of optical features and photonic devices is
highlighted.
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Chapter 2
Background

This chapter will begin with a general overview of microfabrication, then the
limitations involved in each process. Physical machining will then be explored, before
performing a review of current literature in the context of physical machining of

optical and photonic devices.

2.1 Microfabrication Overview

Microfabrication is typically defined as fabricating structures on a micron scale or
smaller, hence most cleanroom based fabrication processes are classed as
microfabrication. There are several different microfabrication techniques, including
lithography & etching, scanning tunnelling microscopes, laser processing and physical
machining. A somewhat crude attempt to compare the critical dimension with feature
depth and device size is carried out in Figure 2.1. This ignores aspect ratios, material
types, form expectations and some other details. The next section will discuss how

these techniques operate, then briefly compare them:

¢ Lithography (Electron beam lithography or photo-lithography) and etching are
heavily used in the semiconductor industries and are used to pattern
complicated electronic circuits on silicon wafers with high yields. These
methods have largely been borrowed for the fabrication of integrated optics.
Typically for photolithography, photoresist is deposited onto the substrate, then
placed under a mask and lens array. The photoresist is exposed to UV light
through the mask, and is then developed to remove the exposed photoresist
areas for positive photoresist, or masked areas for negative resist. Etchants (wet
or dry) are then used to etch away the exposed surface, then the developed
photoresist is washed off with solvents. For electron beam lithography, the
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FIGURE 2.1: A limited comparison of the different dimension regimes of microfabri-

cation techniques

shapes are drawn directly onto a electron-sensitive resist, allowing for

nanometer precision, albeit at a cost of throughput

Scanning tunnelling microscopes (STM) can move individual atoms around by
using an ultrasharp conductive tip and electron tunnelling. The tip is scanned
close to the conductive surface (typically < 1 nm) where the electron clouds
overlap. A voltage is applied, and the electron tunnelling effect takes place.
There is a feedback loop in place, and this can be checked to map out the surface
or controlled to pick up individual atoms/molecules. This allows atomic level
precision and experimentation, however, has extremely high stability

requirements, as well as very low throughput and limited device size.

Laser ablation is the process of removing material from the surface of a substrate
by surface irradiation. A laser with a suitable wavelength, intensity and pulse
length for the target material is selected. The material absorbs the energy and
either sublimates, evaporates, or ablates. This process is highly limited to
removing material in Gaussian shapes, and if the material is not perfectly pure
or uniform in density, the resulting hole may be distorted or be coated in residue.

Physical machining is the process of using a physical tool, such as a diamond, to

remove material, and is expanded upon later in this chapter.

As shown in Figure 2.1, while STM moves individual atoms with angstrom resolution,
it is limited in terms of usable dimensions, especially feature depth. The STM feature
depth is limited because no method currently exists for 3D stacking of individual
atoms. Lithography and etching can have a feature depth of a few nm, but is also
limited in critical dimension to a few 10s of nm on this scale. The critical dimensions

and

feature depth are linked somewhat proportionally. The reason
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photolithography/etching can obtain such precise features is because the masks are
fabricated with e-beam lithography processes, which provides the lateral accuracy,
and the depth is controlled by the etchant deposition. However, there is an aspect
ratio to consider with critical dimension and depth/device size. The smaller the
required critical dimension, the smaller the feasible device size and depth becomes.

Whereas dicing, micromilling and laser ablation device sizes are only limited to the
bed sizes (typically limited to the standard wafer dimension - 6 to 8 inch) and are not
as restricted by depth either. This comes with the cost of limited critical dimensions of
typically 1 pm due to bed/tool positioning accuracy and material brittleness. Another
geometrical limitation is the tool or laser spot dimensions, which places a size limit on
the removed material. Micromilling and laser processing are much deeper, only
limited by the cutter length, laser rayleigh range and translation stages. But dicing
depths are usually limited to 2 mm for standard diameter dicing blades. It is possible
to go up to 4-5 mm, however there is typical width to depth aspect ratio
recommendation of 1:10 (metal bonded blades are typically 1:15 to 1:20) to prevent
blade bending and breakage. There are other considerations for the method suitability
for the use case, such as material type, machine stability, limited shapes,

dimensionality etc.

Utilisation of physical machining enables smooth features across a large variety of
dimensions as illustrated in Figure 2.1, with high repeatability and accuracy, albeit
with form restrictions due to tooling shapes and sizes. One aim of this work is to
demonstrate and develop ultra-precision physical machining as a complementary
technique for chip-based photonics.

2.2 Ultra-Precision Machining

Ultra-precision machining (UPM) is defined here as being able to fabricate features
with a sub-micron geometry tolerance. Geometry includes depth, roughness, and
accuracy. Though there are other definitions for UPM, such as Taniguichis [2], where
UPM is defined as the current widespread state of the art for absolute accuracy. He
produced a timeline, Figure 2.2, that shows the (mainstream) historical progress of
UPM (according to his definition), normal machining (industrial metal mills, lathes
etc) and high precision machining, which unfortunately does not have a definition,

but lies between the ultra and normal machining.
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2.3 Physical Machining

While physical machining is commonly used in the fabrication of optics, mostly by
single point diamond turning (SPDT) for lens manufacturing, it is not widely used in
photonic fabrication, especially not for chip-based photonics. The modern concept of
physical machining (more generally known as conventional machining) is the
controlled removal of material by the relative motion and contact of a tool on a
workpiece. This is usually automated but some hand powered tools such as lathes
and mills are still utilised. The controlled aspect is usually motion along the Cartesian
axes (X,Y,Z), relative to the tool. Typically, the workpiece is moved relative to the tool,
such as in mill or lathe based systems. This is for mechanical stability and practicality
reasons, such as the spindle stability. Some mills have 6 degrees of freedom and as
such can perform near 3D removal of material. Most physical machining tools have
computerised assistance to make full use of the degrees of freedom since the required
level of manual control is unpractical especially at the high speed /precision required

for large-scale industrial fabrication.

Non-conventional machining is where the tool does not come into contact with the
workpiece surface i.e. laser ablation, (abrasive) water machining. This often has
advantages in stability and tool precision, since the tools are not rotating at high
velocities therefore reducing vibrational effects and the lack of tool wear enables high
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consistency but non-conventional tooling can be problematic from a roughness or

form perspective.

The main benefit of physical machining is that it can obtain sub-micron features and
optically smooth (sub nanometre roughness) surfaces over relatively large distances
than other processes such as etching or photolithography. Physical machining can also
be used on materials that are difficult for standard cleanroom processes, which is one
reason why Covesion Ltd. use physical machining for defining lithium niobate
waveguides. Physical machining opens possibilities for applications in various areas
in photonics, in non-standard materials. Another benefit is that cleanrooms are
typically not required for physical machining processes which reduces costs and
fabrication complexity significantly, and has better sustainability as a result of the
reduced energy consumption and by-products [4-6]. Dicing is especially of interest,
due to a more tolerant geometry for tool wear and maintenance of sharpness and
shape of the blade.

The two main disadvantages of physical machining are that the tool wears
non-linearly, reducing form consistency significantly and that stiffness and vibrational
damping are critical. Assuming the tool is dressed correctly, there will be a transient
stage [7, 8] where the wear is high (shape changes rapidly and roughness falls), then a
steady state where the resulting surface roughness is low, and the resulting form
should not be changing significantly. Then a period of rapid degradation due to
clogging or breakage. If the tool is well designed (i.e resin bonded blades), it may
self-sharpen, and may keep cutting for a long time with minimal effect on roughness
and wear rates. A dicing blade will generally perform in this manner, with a heavy
material dependency due to the varying blade compositions used. If this is
understood, it is possible to set the machining parameters and change them as the tool
wears to obtain the desired form. This is known as deterministic machining. An
in-depth understanding of tooling, dynamics, parameters, and the material is required

to truly make use of deterministic physical machining.

This thesis heavily focused on physical machining performed with dicing saws. This
is due to their widespread availability and hence near-term impact that this work can
have in photonics. However, much of the insights from dicing-base physical

machining can be applied to other geometries such as milling.

2.3.1 Dicing

Dicing originates from the semi-conductor industry in 1970s, where it is used with
great success to for singulation of wafers of silicon electronic chips into semiconductor
dies after scribing and cracking was no longer deemed efficient enough for wafer

yields. Dicing was borrowed by the photonic industry for dicing gallium arsenide
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wafers for the production of LEDs soon after, then various other wafer based devices.
To the Authors” knowledge, it was not until 2000 where the dicing saw was first used
to define ridge waveguides in literature, demonstrating other uses of a dicing saw [9].
This work was built on significantly, resulting in an active area of research that also
has significant technological and commercial interest. Due to the the word “dicing”
having a connotation of cutting through wafers entirely, within this work, it will refer

to non-singulation cuts as physically machined trenches.

Dicing can be likened as a high precision automatic small table saw. This work had
access to two dicing machines for this work, imaged in Figure 2.3, both fundamentally
operate identically. There is a high speed, high stability air-bearing spindle typically
mounted on a two stage stepper screw for z height positioning and a separate
mechanical slider for y positioning of the dicing blade. The blade is mounted onto a
spindle by a hub (or can be mounted onto a hub permanently) and is clamped in place
by lock-rings and spacers. A dicing blade is composed of pieces of diamond grit with
knoop hardness values of 8000 kg; mm 2 [10]. This diamond grit is significantly
harder than the lithium niobate (630 to 800 kg mm 2 [11]) and silicon (1000 - 1400

kg, mm~2) studied in this work enabling efficient removal of material. The individual
pieces of grit are held in a softer binder, typically nickel, zinc or resin, enabling worn
diamond pieces to fall out of the blade exposing fresh diamond. The binder also wears

down, creating voids known as pores enabling efficient material removal. [12].

The x and 0 axes are provided by a vacuum chuck mounted onto a mechanical or air
slider. Historically this has been mechanically driven, though some commercial dicing
saws have recently become direct driven, increasing precision and repeatability. The
sliders of the dicing saws used in this work are mechanically driven. The typical steps
for the dicing (after setup) are that the y axis is moved to a specific point, spindle
activated and brought down to the required depth of cut with the z stepper, then the
slider moves the workpiece under the blade, trenching a line into the workpiece

removing material. This is repeated and the bed rotated as required by the program.

There are two dicing machines available within the ORC, a Loadpoint MicroAce 3 and
a Disco DISCO Automatic Dicer (DAD) 3430. The Loadpoint MicroAce 3 is an old but
still serviceable machine, based on standard motors and traditional bearing based
sliders. The Y axis encoder is rated to 2 pm, with manual rotation control for
alignment. The DISCO DAD 3430 is a significantly newer commercial system based
on a superior stiffness air slider, with steppers on all 4 axes, allowing for finer control
with better positioning precision, being specified to 0.1 pm. This work shall primarily
use the DAD 3430 for physical machining due to most work in literature being based
on DISCO DAD systems, i.e [13-19].
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14 Chapter 2. Background

Ductile Machining
Plastic Deformation

Onset of
brittle
machining

Stress - o

Elastic
Deformation

Strain - €

FIGURE 2.4: Chart displaying the ductile-brittle threshold on a representative stress-
strain curve [12].

2.4 Ductile Machining

Ductile machining refers to the process where a brittle material is machined in such a
way that brittle fractures are avoided, and instead, plastic deformation occurs up to
the material’s yield point. This results in a smooth finish with minimal cracks and
chipping, which is crucial for improving optical performance. This process is
especially important for brittle optical materials such as lithium niobate, silicon, and

silica, that tend to fracture when traditionally machined.

The key to ductile machining is maintaining steady conditions that consistently
remove material in a ductile state, keeping the stress-strain forces below the
ductile-brittle transition threshold. This enables consistent plastic deformation, as
shown in Figure 2.4 [12, 20, 21]. Achieving ductile machining requires careful
optimization of machine operating conditions, including feed rate, blade depth of cut,
and spindle speed, as well as dicing blade parameters such as grit size, grit
concentration, and cutting edge shape [20] in order to keep the chip size under the

critical chip thickness h,;; proposed by Marshall et al ;

E [/K.\?
Heit = 0.15E <Hk> (2.1)

Where E is the Youngs” Modulus, K. is the fracture toughness and Hj is the knoop
hardness [21, 22]. 0.15 was determined by Bifano et al. [20] for brittle ceramics. For
lithium niobate and silicon, these values are typically on the order of 0.1 to 0.3 pm. For
ductile machining, the feed reed rate and blade rpm have to be set such that per
revolution of the blade in the material, the blade travels forwards at most the critical
chip thickness. Other parameters like blade binder strength, and grit size consistency

also affect the process but are beyond the scope of this work.
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2.5 Lithium Niobate Ridge Waveguide Fabrication

This section shall discuss the typical ridge waveguide fabrication steps, focusing on
non-linear secondary harmonic generation processes in lithium niobate. Further
details on the non-linear process will be discussed in Chapter 5. The ridge waveguides
discussed in this work are generally fabricated in a similar manner, as illustrated in

Figure 2.5.

Periodic poling is performed using a photolithgraphy process to deposit photoresist in
the poling pattern for the specific wavelengths involved. Electrodes pass a high
voltage electric field through the wafer, forming the required periodic poling for
secondary harmonic generation. Typically for a wafer based ridge waveguide, both
vertical and lateral confinement is required. A wafer of crystalline material is either
indiffused with a metal - typically zinc or titanium for lithium niobate - to change the
refractive index properties, or is treated as a bulk substrate and layers of other
crystalline materials are deposited or bonded onto the surface. The Covesion ltd.
approach uses a zinc indiffused layer as specified in [23]. Then lateral definition
occurs by machining grooves into the wafer. This creates air-gaps where the refractive
index is 1, confining the light to the narrow waveguide. End facets on waveguides are
historically polished after the fabrication steps due to poor form or surface finish,
however, it is possible to single step polish and machine the facets with a dicing saw,
with surface roughnesses as low as 0.29 nm Sa [24]. This provides significant time and

cost savings.

2.6 Diamond Micro-Machining of Optical Materials

This section reviews the literature on micro-machining of optical crystalline materials
using a dicing saw. As lithium niobate is the most commonly studied material in the
literature, likely due to difficulties of obtaining isotropic etching [25], etch rate
considerations and charge build up. Firstly, this section introduce work done on this
material before covering other optical materials. For the sake of conciseness and
relevance, the review has been narrowed to literature that provides both the
machining parameter and some form of quantified metrology, such as surface
roughness or width variation, as well as optical metrics like transmission or coupling
losses, in order to facilitate meaningful comparison, although, direct comparisons

have proven very limited. The machining parameters are provided in Table 2.1.
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FIGURE 2.5: Schematic showing the process flow of ridge waveguide formation for the

purpose of secondary harmonic generation; 1) Periodic poling is created in a lithium

wafer 2) Formation of a planar guiding layer by indiffusion 3) Physical machining of
ridges, facets and finally singulation into devices.

2.6.1 Lithium Niobate

Various ridge waveguides have been machined in doped lithium niobate using
different parameters for various use cases. This section begins with the typical
single-mode ridge waveguides, and then discusses more unconventional formats and
results. In this review, indiffusion of dopants and ion exchange processes are assumed
to not significantly impact the physical machining. However, to the Authors’
knowledge, no studies have explicitly stated or investigated this.

Sun et al. in 2011 demonstrated green light generation using ridge waveguides
fabricated by machining, reporting a facet roughness of 3.72 nm Ra and verticality of
3°, achieving an impressive optical conversion efficiency of 69.7% [16, 26]. However,
there were no comments on the sidewall characteristics or fabrication parameters. In
2021, Suntsov et al. reported Watt-level 755 nm secondary-harmonic generation (SHG)
in lithium niobate ridge wavguides, noting that the ridges exhibited a deviation of <
0.1 pm in ridge width over 50 mm. [13, 14]. Suntsov et al. also reported that there was
asymmetry in the ridge angles, with a difference of 4°. Despite this, the propagation
losses were low, measured at 0.27 dB/cm at 1550 nm. Coupling efficiencies were also
high, ranging from 83% to 94%, further underscoring the suitability of physical
machining for fabricating ridge waveguides. Bruske et al. (from the same research
group) fabricated ridge waveguides targeting 1085 nm, resulting in propagation losses
of 1 dB/cm at 860 nm and 0.6 dB/cm at 1064 nm. While these values are impressively

low, no additional details on the physical machining process were provided [27, 28].
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Carpenter et al. in 2017 reported the best machined facet roughness to date, with a
surface roughness of 0.29 nm Sa achieved in a single step [24], eliminating the need for
expensive and time-consuming polishing. This impressively low roughness is directly
comparable to results achieved through polishing, and although no optical testing was
conducted on this specific waveguide, it demonstrates that physical machining can be
used to finish waveguide surfaces without additional post-processing. The paper also
emphasized the importance of blade selection; resin and nickel blades were compared
under similar grit compositions and machining parameters, yet the resin blade

produced nearly double the surface roughness, with 0.54 nm Sa.

Having discussed standard lithium niobate ridge waveguides, the review now turns
to more unique formats and results to further demonstrate the capabilities of physical
machining. In 2011, Courjal et al. fabricated high-aspect-ratio ridge waveguides,
exploring a wide range of cut depths from 20 to 526 pm [18]. The sidewalls were
impressively vertical at 88°, and the 526 pm-deep trenches proved to be the most
efficient waveguides at 1550 nm, with ridge widths down to 6 pm, yielding a
remarkably low propagation loss of 0.5 dB/cm for the TE mode. This showcases the
versatility of ridge waveguide machining, which has also been applied in the

fabrication of surface acoustic wave (SAW) devices [29-31].

Courjal et al. also compared the performance of round vs. square-shaped ridge
trenches [19]. Despite both having the same width of 4.2 um, the round ridges
outperformed the square ridges, with reported propagation losses of 1.1 dB/cm and
2.5 dB/cm for the TE mode, respectively. The better performance of round ridges was
theorized to result from improved mode propagation. They also confirmed that ridge
waveguide losses increase as ridge width decreases, due to the smaller ridges being

more sensitive to surface imperfections.

In 2015, Caspar et al. fabricated tapered ridge waveguides connected to standard
waveguides and found that the taper reduced insertion losses by 3 dB. This method
was successfully used to create electro-optical ridge waveguides for miniaturization
purposes [32]. Achieving this required precise control of blade radius and cut length
to minimize transmission losses to below 1 dB/cm, emphasizing the need for

deterministic machining.

A study by Gerthoffer et al. investigated the effect of baking waveguides
post-machining to further reduce propagation losses, reporting a significant
improvement to 0.1 dB/cm [33], compared to the 0.5 dB/cm discussed in [18]. This
improvement is attributed to high temperature annealing the crystal lattice damage
caused by physical machining. The resulting propagation loss is the lowest this
Author has seen in machined ridge waveguides and is comparable to that of standard
proton-exchange fabricated waveguides. This highlights the importance of reducing

subsurface damage caused by machining.



18 Chapter 2. Background

Another interesting format of lithium niobate involves thin films on a substrate,
known as thin-film lithium niobate (TFLN), which enables more than 20x higher SHG
conversion efficiencies compared to standard waveguides [34]. However, until
recently, TFLN has been extremely challenging to machine physically due to
delamination and chipping. These structures consist of a layer of lithium niobate only
a few microns thick, deposited on an insulating or substrate layer (such as silicon) to
provide the necessary refractive index contrast and/or structure, after which ridges

are machined into the surface [35-39].

Due to the limited depth of the material, obtaining surface roughness data has been
difficult. Only Chauvet et al. reported a sidewall roughness of 4-5 nm, along with
propagation losses of 1.2 dB/cm for the TE mode [39]. Volk et al. reported similar
propagation losses with ridge depths ranging from 1 to 20 um [38]. They noted that
deeper ridge waveguides exhibited form issues, tilting by up to 10°, while shallower
ones tilted by < 2°, leading to complications in Fabry-Perot loss measurements and
other applications.

Wei et al. estimated waveguide losses of approximately 1 dB/cm, which they found
sufficient for their C-band wavelength multiplexing device, noting that a longer
waveguide would further improve conversion efficiency, which is easily achievable
[35]. Additionally, periodically poled lithium niobate on lithium tantalate was
fabricated, targeting an 11 pm ridge width but achieving 12.6 pm. While no
machining parameters were provided, the authors reported a frequency conversion
efficiency from 1550 nm to 585 nm of 232.08% /W, the highest known to them.

Other use cases of physically machined lithium niobate include terahertz-wave
resonators based on thin-film layers of silicon and lithium niobate [17], as well as
tunable terahertz generation in bulk poled lithium niobate [15, 40]. These applications
rely on machined gratings, though no specific machining parameters or optical
performance data are provided. Nonetheless, they demonstrate the versatility of
physical machining, despite its limitation of only fabricating straight-line features.

In 2022, Mwangi et al. fabricated an optical ridge waveguide-based polarization
modulator with integrated electrodes, representing an impressive application of
electro-optics. Despite insertion losses of 2.6 dB at 1550 nm, they reported high
performance and noted that the energy consumption of physical machining is

significantly lower than that of standard ion-slicing methods [41].

2.6.2 Other Optical Materials

This section will discuss the fabrication of ridge waveguides in other materials using
the physical machining process, analysing the results, limitations, and potential
directions for future work.
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Ettabib et al. (2023) fabricated a ridge waveguide-enhanced Raman spectroscopy
sensor using tantalum pentoxide [42], but reported a high insertion loss of 65%,
indicating the need for further improvements in the physical machining of facets in
non-standard crystalline materials. However, no specific machining parameters were
provided. Similarly, Nd:YAG ridge waveguides have been successfully machined by
Jia et al. [43], despite the material’s extreme hardness. The cut depth was set to 9 um,
resulting in curved sidewalls due to aggressive wear. Nonetheless, the propagation
loss was measured at 1.7 dB/cm, which is impressively low for such a difficult
material. The authors also noted that further investigations into the waveguiding

parameters are required.

Zinc selenide waveguides were fabricated by Cheng et al. [44], targeting a
mid-infrared wavelength of 4000 nm. O°" ion irradiation was used for depth
confinement, followed by machining to create ridge waveguides. Despite high surface
roughness values of 565 nm and 387 nm, the propagation losses were relatively
acceptable at 1.3 dB/cm and 1.1 dB/cm, respectively. By introducing annealing
treatments of unspecified temperature and duration, they significantly improved
surface roughness to 4 nm and reported a corresponding reduction in propagation
loss to 0.4 dB/cm indicating possible improvements with the physical machining
process [44].

Cheng et al. later focused on machining ridge waveguides in lithium fluoride crystals,
which offer an improved transmission band [44]. They reported pre-annealing
propagation losses of 0.7 dB/cm and post-annealing losses of 0.2 dB/cm, although no

surface roughness data were provided.

Terbium gallium garnet ridge waveguides, fabricated by You et al. [45], resulted in a
propagation loss of 2.9 dB/cm at 633 nm, though no further details on the fabrication
process were provided. Similarly, Er-doped germanate glass ridge waveguides,
fabricated by Liu et al. [46], reported a propagation loss of 2.8 dB/cm. They also noted
scattered light due to poor surface roughness, although no specific roughness metrics

were given.

In 2023, Hasse et al. successfully machined ridge waveguides in
praseodymium-doped lithium yttrium fluoride for the first time, achieving high
lateral refractive index contrast. This innovation enabled high-performance ridge
waveguides targeting 979 nm, with propagation losses as low as 0.4 dB/cm. However,
they also reported losses of 2.5 dB/cm for visible light, indicating some sub-surface

damage.

Potassium titanyl phosphate (KTP) ridge waveguides have also been successfully
machined [47, 48]. Vernay et al. [48] achieved third-harmonic generation at 1594 nm
with a conversion efficiency of 3.4%. They reported a surface roughness of 5 nm Ra
and noted that only 40% of the ridge waveguides were suitable for further
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characterization due to fabrication defects. No specific machining parameters were
provided. Their closing remark emphasized that improving waveguide cross-section
uniformity and decreasing propagation losses could potentially reach a theoretical
maximum efficiency of 50%, highlighting a need for more indepth study of the

physical machining parameters.

Kores et al. reported blue light (468 nm) generation in KTP with a conversion
efficiency of 0.12% [47]. They found the fabrication challenging and observed poor
propagation, with only 5-20% of the input light transmitted due to scattering. They
attributed these issues to significant topside chipping and suggested that further

optimization of the dicing process is necessary.

A notably unusual case was the micromachining of a flat optical fiber by Ambran [49],
where a dicing saw was used to create two air trenches 204 pm apart in an air-fiber,
resulting in a multi-mode interference device with high lateral index contrast.
However, Ambran reported an excess loss of 1.89 dB, attributed to scattering and

fabrication imperfections.

Another interesting scenario involved the fabrication of 90° mirrors in waveguides to
create bends, as reported by Zha [50]. They achieved a surface roughness of 2.3 nm.
Additionally, Fathy et al. [51] reported impressively vertical sidewalls (0.04°) for gas
absorption spectroscopy using a silicon-on-insulator (SOI) platform, an improvement
from the 2.8° roughness typically associated with etching processes.

2.6.3 Machining Parameters

The machining parameters found in the literature have been compiled in Table 2.1. It
is clear that lithium niobate is the most popular material for physical machining,
primarily for the fabrication of various optical waveguides in many formats such as
ridge waveguides and thin film waveguides. and that DISCO DAD machines are
almost universally used, making the research discussed in this thesis comparable, as
the work in this chapter also utilizes a DAD machine. However, much of the
published literature lacks enough detail for direct one-to-one comparison, largely due
to variations in blades, machines, and fabrication processes and non-clarity across
different publications. In some cases, only the machine model is reported.

From a parameter perspective, most dicing work uses similar settings regardless of the
material: a 0.1 mms~! feed rate, 20 krpm spindle speed, and a typical depth of cut of
less than 40 um. The highest feed rate observed in the literature is 1 mms~! in
ND:YAG, which is surprising given its hardness. However, this was achieved using an
electroformed blade with a large grit size of #1000, which enabled the machining. The
majority of studies employed resin blades with small grit sizes (#5000+), favoured for

their self-dressing properties, however, can be limited in shape uniformity due to
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higher wear rates. This has not been discussed in the literature, due to the limited
fabrication distances used within literature.

It is noteworthy that there are no studies examining variations in feed rate or spindle
speed on the resulting form, surface roughness and ultimately optical performance,
particularly in lithium niobate, where there is significant commercial interest. This is

critical, as feed rate is a primary limitation of physical machining.

2.7 Conclusion

This chapter has introduced microfabrication and physical machining within the
context of photonic and optical device fabrication. A literature review has been
performed. In conclusion, while physical machining has made significant progress
over the past decade, particularly in the fabrication of ridge waveguides in lithium
niobate, further optimisation is still required, especially for non-lithium niobate
materials. Many works in the past few years have physically machined ridge
waveguides in non-lithium niobate materials, however, significant imperfections have

been found, especially in ridge uniformity and surface roughnesses.

There is a notable gap in detailed parameter studies across all crystalline materials of
interest in optic and photonic fields, with a significant lack of comparable parameters
relative to optical results, particularly in non-lithium niobate materials. There is yet to
be a comprehensive study into the physical machining parameters (such as feed rate,
spindle speed and depth of cut) and the resulting effects on the quality of the
machined surfaces for any material of interest for the optics community. Addressing
this gap is crucial for optimizing machining processes, understanding their impact on
waveguide performance, and achieving deterministic machining, where the
machining processes are controlled sufficiently that the reliability and performance of
the end device is guaranteed without testing the machined features. In addition,
issues related to surface roughness, uniformity, and material-specific physical
machining parameters, particularly in harder crystalline materials, need to be
identified and resolved.
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200 56 DAD321 10 0.2 526
Ti:LN 200 56 DAD3350 10 0.2 30
Ti:LN 40
MgO:LN 30
Er:LN DAD322 10/15
Nd:Ti:LN 16 & 19
Si/LN/Si 400 52 Disco 100-500
LN Films 100 Resin DAD322 20 0.1 1-20
Nd:YAG 200 52 Resin #5000 DAD? 20 0.1 45-9
Nd:YAG 50 Electroformed #1000 30 1 200
ZnSe Resin #6000 15 0.05
ZnSe 10 0.02
LNOI 9
Ge:Silica Flat Fibre 18 Nickel #5000 MicroAce3 140
Si/Gold/KTP/Silica 400 56
KTP Resin #6000 DFD640 30 0.25 30-40?
Er:Germanate Glass 200 Resin DAD3350 20 0.1
SiO, 40 30
Mg:LN on LT 15
LiF 20 0.1
LNOI 9
TGG 200 Resin 20 0.1
Pr:YLF Soft-Bond DAD322 ~15

TABLE 2.1: Table of physical machining parameters in optical materials
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Chapter 3

Metrology

3.1 Introduction

One key aspect of general fabrication of optics and photonics is obtaining metrological
data of the fabricated features for both verification and comparison of various dicing
parameters in subsequent experiments. Metrology in this context can be divided into

two practical areas resulting from fabrication and alignment issues:

* Surface roughness: Localised surface texture, which is a critical factor in
transmission and coupling losses and should therefore be minimised whenever

possible.

¢ Form error: Error in large scale surface features as compared to the idealised
design. Analysis of form errors provide information on machine alignment, tool

stability, sample warp, wear rates, and other factors.

Three types of metrology are of particular interest: dimensional, defect, and material.
Dimensional metrology is closely related to form, focusing on measuring the sizes and
dimensions of the fabricated features on the samples. Defect metrology involves the
measurement of localized defects, such as surface chipping and surface roughness.
Material metrology pertains to material characteristics such as hardness and elasticity,

which is out of the scope of this work.

In this work, due to the fragility of the machined features, metrology methods are
primarily limited to non-contact optical techniques, as the contact techniques such as
stylus profilers commonly cause scratches and ridge breakages during measurements.
This is especially important for surface roughness measurements of the ridge
waveguides (as in Chapter 5) where surface damage would affect optical
measurements, though it is also a concern for other aspects of the fabrication process.
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Rq

FIGURE 3.1: Diagram indicating the 2D surface roughness parameters, Ra and Rq on
an example surface with form removed.

This chapter will discuss the relevant statistical definitions, provide an overview and
limitations of the varied metrology equipment used, and describe the development of
a bespoke metrology tool.

3.2 Definitions

There are numerous metrological statistical measurements detailed in the literature
and defined by various standards agencies worldwide, e.g ISO 21920-2:2021 [1], ISO
16610-21:2011 [2], ASME B46.1-1995 [3], JIS B0601-1994 [4]. These measurements are
commonly divided into 2D and 3D parameters, each suited for different tools and
purposes. To obtain repeatable and accurate measurements, input data must be
filtered and levelled to prevent data from being obscured by tilt or other large-scale
deformations. This section shall discuss 2D, then 3D parameters, and then discuss the

filtering recommendations.

3.2.1 2D Surface Parameters

The 2D parameters are obtained from a single line of n surface points, as indicated in
Figure 3.1 [1-4].

Roughness Average (Ra) is defined as the average arithmetic perpendicular distance
between the mean line and the values measured;

Ra — :l/\y(x)|dx (3.1)

And root mean square average (Rq - also known as the quadratic average, or RMS) is

Rq =1/ % /y2 (x)dx (3.2)

defined as;
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The Rq allows for better indication of the average magnitude of the roughness
compared to the Ra.

Peak to valley (PV) is defined as the distance between the maximum and minimum of
the values;
PV = max (y) — min (y) (3.3)

This is primarily used to obtain trench depths and feature heights. For this work, this
is averaged out over multiple lines to minimise a single sample distorting the mean.

3.2.2 3D Surface Parameters

These are the 3D versions of the Ra and Rq parameters described above;

Sa = i//Z(x,y)dxdy (34)

Sq = i\///z (x,y)dxdy (3.5)

The 3D parameters provide a more complete representation of surface roughness due

to being over a surface area, enabling a better comparison for optical surfaces.
However, literature values often reference Ra for historical and equipment-related
reasons. Ra and Rq can also be relevant when representing directional roughness or

deviation over a larger scale, especially when using Rq to characterise form.

3.2.3 Filtering

To obtain accurate and repeatable roughness values, any form variations or waviness
must be addressed and removed. Waviness refers to medium to long-scale variation in
the surface, while form represents the overall shape of the device or sample.

The form can generally be removed by performing a large scale feature fit of either the
nominal size and shape or a generic polynomial fit for removing curvature, then
removing the fit from the data points as displayed in Figure 3.2. Alternatively it is
possible to mask areas of curvature to remove unnecessary or distorted data. The first
method does distort the resulting roughness, so masking is heavily preferred. When
using a shape fitting, the results are no longer independently comparable, but can be
comparable within the specific dataset. The specific shape filter will be specified when

used, to allow for consideration.

To counteract waviness, the National Physical Laboratory (NPL) has produced a best

practice guide for characterizing surfaces with roughness below 20 nm,
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FIGURE 3.2: a) Raw sample surface data taken from a Zygo Zegage scan of a ridge
waveguide sidewall b) Corrected of data removed by performing a plane fit removal,
then a cylindrical fit removal

recommending the use of a low-pass filter with a set measurement length depending
on the roughness magnitude for Ra and Rq measurements [5]. For surface
roughnesses below 20 nm, the recommendation is to use a set measurement length of
80 pm, with a low pass filter of 17 um. Although no guide has been produced for Sa
and Sq nor for surface roughnesses greater than 20 nm, this work has based an
approach on the recommendations of the Ra and Rq measurements. However, due to
similar size and contamination issues, the measuring areas are limited. As mentioned
with form, the parameters for the filters will be specified explicitly. Since the
roughness values are used for internal comparisons, they remain valid as long as the

filtering remains the same.
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FIGURE 3.3: Microscope image of ridge waveguide facet with an optical mode drawn
on as representation.

3.2.4 Top Side Chipping

Top side chipping is a well known defect from dicing, referring to small chips of
material that break off from the top edge of the ridges during the wafer cutting
process. This can be due to the blade entering the material with high force, causing
material to chip away from the edges, or when the back side of the blade catches the
edge of the cut. It is speculated that the latter is the primary cause of large amounts of
top side chipping, especially when the chipping is asymmetrical.

Small amounts of top side chipping compared to other defects is not a critical concern
for the optical performance. The power in the chipped regions is very small due to the
location and shape of the optical mode within the ridge waveguide, as shown in
Figure 3.3. However, it remains important to minimize this defect to achieve
maximum conversion efficiency. If the chips penetrate too deeply into the optical
mode, the conversion efficiency can be significantly impacted due to poor phase
matching. This occurs because the effective refractive index within the waveguide

changes, distorting the modal overlap.

Top side chipping is not numerically quantified by any standard, and various versions
exist in literature [6-10], each with its own uses and definitions. Below are the most

common conventions:

¢ Chip size: The lateral length of the chip along the cut edge. This measurement is

useful for defect detection on the ridge waveguide

¢ Maximum Chipping Depth: The perpendicular distance that a chip penetrates
into the material from the edge along the wafer surface. This measurement is

useful for evaluating ridge waveguide defects.

¢ Chipping Area: The total projected area of the chipping missing from the edge
surface, taking into account both the width and depth of the chips, as well as the
number of chips.

¢ Chipping Density: The number of chips per unit length of the cut, often

represented as chips per millimeter.
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FIGURE 3.4: Diagram illustrating the advantage of a 45° scan over a pixelized hor-

izontal cut scan. The red dashed lines represent the line of best fit for the data. a)

Horizontal Edge Scan: In this case, the physical edge falls between pixels, resulting in

a poor line of best fit. b) Rotated Edge Scan: Here, the pixels align more accurately

with the edge, providing a better line of best fit and a more precise estimate of the
chipping area.

Of all the measures discussed here, the chipping area is the most useful for evaluating
diamond sawing performance because it can be easily calculated and compared, while
still being highly representative. In this work, the measurement of top-side chipping is
expressed as the chipping area density, defined as the chipping area per unit length of
the edge.

This measurement is obtained by performing a 3D coherent scanning interferometry
(CSI - see subsection 3.3.2) scan of the ridge edge positioned 45° diagonally across the
resulting image. Scanning at this angle reduces edge pixel noise when the sample
edge is horizontal or vertical, causing issues when determining the edge location. By
rotating the sample 45°, the edge pixels are more accurately represented within the
dataset, as illustrated in Figure 3.4. The 3D scan enables edge detection by setting a
Z-axis threshold to simply exclude irrelevant pixels.

This binary pixel map of the surface is then processed using an edge detection
algorithm to identify the edge pixels. A best fit line is fitted to these edge pixels to
obtain the gradient of the edge. Due to the small scan size (0.174 x 0.174 mm) relative
to the ridge size and blade cutting edge length, the edges are assumed to be locally
straight over the edge length within individual scan sites. To correct the line fitting
after considering the gradient, the Y-intercept of the fitted edge line is varied within a
range of -20 to 20 pixels to minimize the number of points below the line while
retaining at least a third of the edge pixels beneath the line. This adjusted line is taken
as the true edge of the scanned sample. The number of pixels between this line and the
scanned edge is counted, converted to an area and then divided by the scanned edge
length to compute a chipping area density. The procedure is displayed in Figure 3.5.
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a)

FIGURE 3.5: Diagram displaying the top side chipping processing method. a) A pixel

bitmap of a chipped edge. b) A line is fitted to the average edge gradient of multiple

scans. c) The edge line is fitted to the specific edge of the current scan. d) The number

of missing pixels below the line and to the left of the edge are marked (blue) and

counted. This is is then converted to an area missing per unit length statistic for the
current scan.

3.3 Equipment

A range of equipment is available at the ORC for metrology, each with its own
limitations and use cases. The equipment utilized in this work will be discussed in
detail. Physical methods for metrology have seen minimal use due to the fragility of
the samples, particularly narrow ridge widths that are prone to breaking when stylus
tips are dragged over the edge. Additionally, tool head convolution can complicate
post-processing, especially when profiling edges in depth. Therefore, only
optical-based metrology tools have been employed, despite their own limitations with

edges and narrow ridges [5, 11].
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3.3.1 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is commonly used to image samples across a
range of resolutions, from millimeters to nanometers. The extreme resolution of SEM
is achieved using an electron beam and various detectors that capture X-rays and
scattered electrons, which can be triangulated to determine their source location. Our
SEM tool also has limited material characterization capabilities through
energy-dispersive X-ray spectroscopy (EDX/EDS). For more detail, the reader is
referred to [12-15].

SEM has been used for determining sample contamination and for imaging blade
sidewalls and facets due to its excellent depth of field. However, it does not provide
true depth data and is therefore limited to 2D lateral dimensional measurements,
albeit distorted to the depth of field.

3.3.2 Coherent Scanning Interferometry

Coherent Scanning Interferometry (CSI), also known as White Light Interferometry
(WLI) or Vertical Scanning Interferometry (VSI), is employed to measure surface
topography and roughness of samples. The core principle of CSI involves creating an
interference pattern between a reference mirror and the sample surface using a light
source with a very short coherence length.

An Mirau (or Michelson) interferometer is used to split a light source into two paths;
one reflects off a reference mirror and the other off the sample surface. Due to the
short coherence length, the focal region is very narrow. When the surface is within this
region, the two beams will interfere, producing a fringe pattern at that height. The
interferometer is then translated vertically, and the resulting fringes are captured by a
camera. Each pixel will record a vertical interference pattern recorded, which is fitted
to determine the height of the surface for that pixel, building a 3D topographical map.
There are a range of algorithms used for fringe processing, but phase convolution is
used within this work. These steps are indicated in Figure 3.6. For more information
on fringe processing see [5, 11].

Two CSI tools were used within this work; the Zemetrics ZeScope and the Zygo
Zegage. Both tools were validated using known step heights for the z-axis, gratings
for the lateral x and y directions, and surface roughness measurements on targets with
specified roughness ratings.
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FIGURE 3.6: a) Labelled schematic of a Mirau interferometer based CSI tool. In Michel-

son based CSI, the reference mirror is positioned next to the beam splitter, rather than

within the objective. b) An interferogram representation of a line through the surface.

Various algorithms can be used to fit the interferogram; peak value, envelope convo-
lution or phase convolution c) The obtained surface profile of the scan.

3.3.2.1 Limitations of CSI

Unfortunately, due to the optical nature of the method of measurement, there are a
variety of possible artifacts. The artifacts encountered within the work and the

resulting limitations will be discussed below.

Edge Diffraction Edge diffraction can occur at sharp edges such as ridge
waveguides, leading to further interference with light from the true surface and
causing distortion in the recorded fringes. This results in a slight ridge effect along the
sharp edge, characterised by a jump upwards. This has to be taken into account when
doing peak to valley measurements, however, it does not affect the lateral

measurements. An example is displayed in Figure 3.7.

Batwing Artifacts Batwing artifacts are a wing-like distortion seen where there are
two planar surfaces with a sudden height change between the two planes Figure 3.8.
These are particularly known to happen when the Z height of the step between the

two surfaces is smaller than the coherence length of the source light. These artifacts
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FIGURE 3.7: a) b) A height map of the diffraction artifact, characterised by the blue
band along the edges c) A line trace of the diffraction artifact.
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FIGURE 3.8: a) Grey scale image of the resulting batwing artifact bands. b) Heightmap

of the batwing artifacts, the red bands indicating the batwing artifact location. c) A

line trace of the batwing artifact, characterised by the sudden peak drops on either
side (points A and B), indicating a phase-shift.

are caused by interference of light between the top and bottom surfaces, which causes
a perceived phase distortion and causing the algorithm to see step heights that do not
exist. Batwing artifacts only impact height measurements, and does not affect lateral
measurements [5], i.e the perceived step is still in the same location as the physical
surface. These can be minimised with algorithms or by adjusting the wavelengths
used to scan the surface [16].
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Multiple Reflections/Ghosting Multiple reflections are especially significant for thin
layers of transparent materials, (such as ridge waveguides) where multiple reflections
can occur due to the presence of multiple interfaces. If these interfaces are close
together, as when measuring the sidewall roughness of a ridge waveguide, the
reflections can interfere with each other. This causes severe distortion of the fringes,
causing a failure to measure the profile of the sidewalls due to a bad fitting of the

resulting interferogram.

3.4 Confocal Probe Scanner

This bespoke system was developed to provide large-scale topographical data,
specifically aimed at profiling large scale form, such as straightness and width
uniformity along the length of a ridge waveguide. It includes two key components; a
confocal chromatic probe (CHRocodile 2HS unit) (imaged in Figure 3.9) with a
measurement range of 1003 pm, a vertical resolution of 330 nm, and a lateral
resolution of 3 um, and a laser interferometrically referenced, aerostatic bearing and
magnetically positioned translation stage - Aerotech ABL9000. The laser
interferometer provides an accurate plane of reference, using a retro-reflector mirror
system. An initial attempt used a blue laser, forming a confocal laser probe. This
approach will be discussed first, including its limitations, followed by an explanation

and validation of the confocal chromatic probe based scanner.

3.4.1 Laser Confocal Probe

The initial setup aimed to measure feature straightness using a blue laser point probe
to profile wafer reflectivity as illustrated in Figure 3.10. While it provided a contrast
map, it was limited to lateral positioning data on reflectivity changes and lacked
height feedback. This absence of height feedback made it difficult to maintain a
consistent focal height, affecting result reliability due to the spot-size varying over the
scan. An optical microscope mounted on an Aerotech stage system served as a
traveling microscope, relying on visual contrast between the trench and surface.
Perfect perpendicular alignment was crucial to minimize lens distortion, but this was

not always achievable, leading to inconsistent results.

Additionally, the response included convolution of the true surface with the probe
head and unwanted back reflections. Despite efforts to mitigate these issues using
absorbing beam blockers and pinholes of various sizes, these attempts were
unsuccessful. Given these limitations and practicality issues, the decision was made to
purchase a confocal chromatic probe from Precitec, which allows for accurate height
profiling, resolving most of the issues discussed.
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FIGURE 3.9: Photograph of the confocal scanner setup. The schematic is displayed in
Figure 3.12

3.4.2 Principles of Confocal Chromatography

The confocal probe operates with chromatic dispersion of a polychromatic white light
source. The white light, which has a low coherence length, is coupled into a fiber and
directed to the probe head. There, a set of lenses disperses the light into a range of

monochromatic focus points, as illustrated in Figure 3.11.

The reflected light from the sample is collected by the confocal probe and sent to a
spectrometer, sometimes via a filtering pinhole. The spectrometer generate intensity
over wavelength spectrum. A peak-finding algorithm identifies the central
wavelengths of these peaks, which are then matched to distances from the probe using
a calibrated look-up table. For transparent, layered surfaces with multiple parallel
refractive index changes, each layer will produce a distinct peak, enabling accurate
thickness measurements assuming that the peaks can be resolved from each other.

These measurements correspond to optical path lengths and require corrections based
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FIGURE 3.10: Labelled schematic displaying the laser point probe setup
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Sample within focal range

FIGURE 3.11: Labelled schematic displaying the principles of confocal chromatogra-
phy



42 Chapter 3. Metrology

Confocal Probe

ar Interferometer (x & y axes)

Sample
1 retroreflectors on stage P

Sample Vacuum Chuck
Aerotech Stages - X & Y Control

FIGURE 3.12: Schematic of the travelling confocal probe.

on refractive indices and Abbe numbers. Typically, a dedicated processor in the
controller handles these corrections, allowing for high-speed, low-latency sampling,
making it suitable for various tasks, including measuring fabricated devices. The

setup of the equipment will be discussed next.

3.4.3 Confocal Scanner Development

The confocal scanner is a confocal probe travelling microscope utilising the Aerotech
stages. The set up is shown in Figure 3.12. The Aerotech stages provide high lateral
precision and thermal stability, being mounted onto a granite slab to minimise thermal
expansion and ensuring rigidity. The stages operate on electromagnetically positioned
air-bearing sliders, with glass encoders providing positioning feedback to the
Aerotech controller with a resolution of 5 nm. However, due to issues with drift and
technical constraints, the glass encoders are not employed for scanning positioning
feedback. Instead a retro-reflecting laser interferometer encoder (Renishaw RLE20) is
used, delivering a quadrature signal with a 9.88780 nm and 9.88779 nm distance
resolution for the lateral X and Y axes respectively. The mirrors mounted on the stage
are flat to A /20. The quadrature output from the laser interferometer is connected to
the confocal probe controller, which counts the number of quadrature signals
detected, simplifying software development, as discussed next.

As part of this project, multiple pieces of software was developed for this system,
including a standalone application that uses the Aerotech A3200 and CHRocodile
software libraries. This application translates x and y distances, scan speed, serpentine
step size, and confocal probe settings into the required g-code. The resulting data is
shown in Figure 3.13, with the software logging the x and y start and end encoder
counts and the averaged z values in CSV format for each sample.



3.4. Confocal Probe Scanner 43

Sample exposure start Sample exposure end.
X/Y Encoder Start Point X/Y Encoder End Point

AN
] 7
X/y exposure midpoint

FIGURE 3.13: Diagram indicating the reported data of the confocal probe per exposure
sample.

Processing is performed by a script that converts the data from a range of x, y, z points
into a map of straight-line edges. For ridge scanning, the script assumes that the edges
will be perpendicular to the scan direction, making edge pairing easier. It also
assumes that the features are below the surface and that the top edge is large and flat,
which facilitates straightforward linear levelling. Although these assumptions are not

strictly necessary, they significantly simplify the processing.

The data is first loaded from the file, then split line by line. Due to the serpentine
pattern used during the scanning, every intermediate line has no feature data and is
removed. The sample exposure start and end positions for every sample (see

Figure 3.13) are averaged to obtain the sample midpoint, and then multiplied by the
interferometer sampling resolution to calculate the sample’s lateral position. An
example trace is shown in Figure 3.14, the tilt is highly exaggerated to illustrate the
sample processing steps. The artifacts in the trace are optical effects and are discussed
further in subsubsection 3.4.4.1.

Since these lines are not necessarily flat, the data for each line is binned by z, then
levelled by subtracting the best fit line through the top bin. This is repeated twice to
get accurate levelling as shown in Figure 3.14, which also establishes the surface
reference point.

For edge detection, two parameters are defined, a threshold z value and a depth
tolerance, with typical values of -0.5 pm and 10 pm respectively. The data is processed
from left to right in a rolling pair of values. If the pair of values crosses the z threshold,
and has a height change greater than the depth tolerance, the pair of points are
marked as an Up or Down pair depending on the direction of travel (as in Figure 3.15).
The Up and Down pairing allow for further edge pairing.

However, due to the confocal probe jitter, spectral shapes distortions and the low

translation speed of the scans, each edge can have multiple Up and Down points. This
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FIGURE 3.14: Example data from a confocal scan line across four cuts, two made with
a 100 ym blade and two with a 300 um blade, resulting in two waveguide ridges.
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FIGURE 3.15: Confocal line trace with up (red) and down (blue) edge points marked.
Each edges will have multiple up and down points.

"fuzziness” of the points is limited to where the confocal spot is, so averaging and

calculating the standard error yields the location of the edge as seen by the confocal

probe. Starting from the left, the first Down point (assuming the features are

downwards) is selected. All Down points within 3 pm are gathered and averaged to

determine the edge X and Y points. This process is repeated for the subsequent Up

points, and then the Up and Down points are paired, resulting in multiple columns of

points perpendicular to the feature lines. This is repeated along the length of the line

for each row in the dataset, enabling the creation of a full topographical map of edges,

as depicted in Figure 3.17.
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FIGURE 3.16: Diagram displaying how up and down points are processed for a typical
step down edge. Starting from the left-most Down point, all of the Downs within a
set distance are averaged over in both X and Y axes to get the a single edge location
location with standard errors. This is repeated for the following Up points, allowing

for pairing to be carried out.
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FIGURE 3.17: An example topographical map with data provided by the confocal
probe. This consists of a line of edge points. The gap in the middle represents a section
where the software could not match the column of points to a set of lines due to dirt

on the sample, resulting in missing data.
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10 mm subdivisions
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FIGURE 3.18: Figure displaying the precision graticule grid shape. The lines in blue
were the profiled lines to obtain the stage squareness.

Since the primary use case of this is mapping ridges or machined features, a straight
line can be fitted to each edge. This allows for the calculation of statistics such as

period variation, straightness, and squareness.

3.4.4 Verification

To verity the confocal scanner’s accuracy, a precision graticule was purchased from
Precision Optics. This graticule is a thick glass slab with a grid of lines rated to be
within 2 pm of straightness and with an angular tolerance of 5 arc-seconds, as
displayed in Figure 3.18. The Z heights were verified against WLI scans of various
steps. The stages have been previously verified to maintain 0.5 pm straightness over
the full 300 mm length by Aerotech, and the interferometer encoder ignores any

inaccuracy in the glass encoder.

The main verification step focuses on the squareness of the mirrors used for angular
measurements. The graticule was scanned in an L pattern to determine the squareness
error of the stages and mirrors. However, because the lines are vacuum-deposited
chrome on glass with a height difference of only 40 nm, which is too small for the
confocal probe to reliably resolve, the reflectivity of the chrome was used to locate the
lines. The confocal probe’s intensity threshold was set to ignore the peak from the
glass, using only the brighter reflections from the chrome. This resulted in a series of
short lines crossing the chrome lines, which were averaged to a midpoint with

calculated standard errors. The scan results are displayed in Figure 3.19.

A linear regression performed on these two lines yields slopes of —55.991 4= 0.003 and

0.0187 £ 0.0009, indicating an angular error between the two mirrors of
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FIGURE 3.19: Charts displaying the scanned points of the graticule. Orange and blue
represent the Y and X lines (relative to the stage axes) respectively, with each point
consisting of multiple x and y edge positions.

0.05046° + 0.0014°, a highly precise measurement that is used for the correction of
angular measurements.

3.4.4.1 Confocal probe artifacts

Similarly to the CSI, the optical-based measurement method used here also introduces
artifacts around large vertical steps, as illustrated in Figure 3.20. These artifacts are
primarily due to diffraction effects and the optical characteristics of the confocal probe.

Top Edge Diffraction At the top edge of a sharp step, diffraction causes a distortion
in the spectral data. The diffraction tends to increase towards the blue end of the
spectrum, making the top edge appear artificially higher. This effect occurs because
shorter wavelengths (blue light) are more prone to diffraction, leading to an upward
distortion in the measured height [17].

Bottom "Drooping Artifact” The bottom edge of the feature exhibits a “drooping”
artifact. This is due to multiple reflections within the cut and the high numerical
aperture (NA) of the lens, which skews the spectral data towards the red end of the
spectrum. This effect causes the bottom edge to appear lower than its true position,
creating a droop in the profile.



48 Chapter 3. Metrology

—680 -

-690 a a

=700 A

—710

x (mm)

=720 A

=730

~740 4

~750 .

1.205 1210 1215 1.220 1.225 1.230 1235
y (um)

FIGURE 3.20: Line trace of a confocal probe step scan indicating the confocal artifacts
resulting from optical effects. a) Diffraction over top edge with a preference for blue
light. b) Scattering from bottom edge and sidewall with a red light preference

Neither of these artifacts will affect the lateral positioning of the result, only the
vertical position is affected. Given the tool is primarily used for straightness
measurements, this is not expected to cause any skew of results and no steps have
been taken to correct for it.

Impact of Spot Size The confocal probe used has a spot size of approximately 3 pm,
which is relatively large compared to the features being measured, although this is the
smallest spot size on the market. This large spot size tends to overestimate the ridge
location by approximately 1.5 pm. This overestimation occurs because the spectral
data received from both the top and bottom of the feature is averaged, but the probe
typically reports the top location until the peak from the bottom ridge becomes more
pronounced. This behavior is inconsistent across scans due to slight variations in spot
size with height and the reflectivity spectrum of the surface, which can affect the
detection threshold.

Despite the relatively large spot size, the symmetry of the scanned features and the
levelling steps implemented before scanning mitigate their impact. The
overestimation primarily affects ridge width measurements, but it should not

significantly influence the straightness values reported in this work.
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3.5 Conclusion

This chapter has discussed the role of metrology in the verification and comparision of
features in our work, primarily focusing on two areas, surface roughness and form
errors, both of which are to be minimised for the functionality of our devices
discussed in later chapters. This chapter has highlighted the requirement for
non-contact based tooling, and have discussed a variety of artifacts that limit certain
applications and use cases. A bespoke tool has been designed, developed and
validated for the purpose of measuring straightness of machined features, a key
parameter that has not been discussed in literature previously within the context of
optics. Overall, the metrology techniques discussed here form the backbone of the
experimental work, providing the necessary data to validate and optimize the
fabrication processes explored in subsequent chapters.
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Chapter 4

Machining Dynamics in Brittle
Materials for Device Based
Photonics

4.1 Introduction

As discussed in Chapter 2.6, there is a lack of detailed investigations into physical
machining using a dicing saw configuration of a large variety of photonic/optical
materials. Lithium niobate has seen the most investigations, primarily due to its
incompatibility with conventional cleanroom processing and its commercial
applications. Carpenter et al. compared both resin and nickel blades under similar grit
compositions and machining parameters, yet the resin blade produced nearly double
the surface roughness, with 0.54 nm Sa compared to 0.23 nm Sa for the nickel blade
[1]. Another study by Courjal et al. compared two ridge shapes, both having the same
width of 4.2 pm. The round ridges outperformed the square ridges, with reported
propagation losses of 1.1 dB/cm and 2.5 dB/cm for the TE mode, respectively [2]. The
superior performance of round ridges was theorised to result from improved mode
propagation. However, apart from lithium niobate, other photonic materials are yet
receive extended attention, with many materials only obtaining one or two proof of

concept publications.

To summarise the literature review performed in Section 2.6, most research into
physical machining within an optics context focuses on the applications or
development of various tools and, as such, provides little statistical data or
information on wear rates and form evolution of the machine tool or dicing blade.
Additionally, there is limited information on the effects of machining parameters on
brittle optical materials such as lithium niobate, silica, and silicon. These factors are

crucial for achieving deterministic machining (defined as capabilities, which are
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FIGURE 4.1: [llustration of the trench shape evolution quantification.

necessary for producing ultra-efficient photonic devices [1, 3-6]. The controllable
parameters can be divided into two categories: process parameters (feed rate, spindle
speed, and depth of cut etc.) and blade parameters (grit size, shape, diameter, blade
composition, exposure, blade width, and shape etc.).

To further progress towards achieving deterministic machining of crystalline materials
within the optical context, this chapter discusses two experiments. The first
experiment investigates the machining dynamics of lithium niobate with the aim of
improving ridge waveguide fabrication and advancing understanding of
deterministic machining of ridge waveguides. The second experiment is a
multi-material study where feed rates are varied as an attempt to link resulting
surface roughness for different materials with feed rates, providing a test bed for

determining optimal parameters for specific materials.

4.2 Parameter Definitions

This section will define the new parameters used to analyse physically machined
trench shapes. These parameters are numerical measures that allow for a quantitative
investigation into the evolution of the trench shape over multiple cuts. The
measurements are obtained by performing a Coherence Scanning Interferometry (CSI)
topographical scan of the trench ends, with samples held vertically using a 3D-printed
mount. Post-processing is then conducted to extract shape information. The analysis
begins by leveling the trench image through fitting the wafer surface, followed by
applying a vertical cut-off to accurately locate the corners of the trenches, similar to
work in Chapter 3. The following definitions are also illustrated in Figure 4.1.

Symmetry The symmetry ratio measures how symmetrical the machined trenches
are. It is calculated by determining the midpoint between the two sidewalls and

counting the number of non-symmetrical pixels on either side, up to the sidewalls.
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FIGURE 4.2: Grayscale image of a “w” worn blade cut. The red line is drawn on to
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illustrate the "w”.

This value is then expressed as a ratio by dividing it by the total number of pixels

covering the trench.

Squareness The squareness is determined by fitting a bounding square to the trench,
calculating the number of surface pixels inside the square, and then dividing this by
the total number of pixels to obtain the squareness ratio.

W - Ratio An observed rise in the middle of physically machined trenches, as shown
in Figure 4.2, has not been previously discussed in the literature, likely because most
studies focus on wafer singulation rather than shallow trenches, as in this work. This
phenomenon is likely due to uneven wear and blade loading, though the exact cause
remains unclear. This will be referred to as the “w” ratio, based on the trench shape.
To quantify this numerically, the lowest point of the trench is taken as the depth value,
and the highest point within the middle half of the trench is selected as the rise height.
The ”w” ratio is then calculated by dividing the rise height by the depth value.

4.3 Evolution of Shape and Depth of Cut

This investigation examines the long-term evolution of trench shape and depth over a
10-meter cutting distance in lithium niobate, with the goal of achieving more

deterministic fabrication of ridge waveguides.

4.3.1 Experimental Methodology

Two blade shapes and two depths of cut were targeted, selected for their simplicity.
Two new resin dicing blades (RBT-6084 SD6000 N100 BR16) was dressed on two
different dresser boards depending on the target shape. For a flat, rectangular dress,
the dressing was performed on a PB08-F50 75 mm by 75 mm dressing board, using 2

lines at 5 mm s~ !. For the round dressed blade, the dressing routine involved 10 lines
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FIGURE 4.3: Microscope images of a square (left) and round (right) machined trenches

1

at5 mms~ on a softer F40 25 mm by 25 mm dressing board. The resulting machined

trenches for these blade shapes are shown in Figure 4.3.

The experiment begins by dicing out 4 25 mm by 50 mm rectangles of 5% MgO-doped
lithium niobate (LN). Once the 52 mm diameter blade was suitably dressed, 400
trenches were machined into these rectangles at a feed rate of 2 mms~! and a spindle
speed of 20,000 rpm, with either 50 or 100 pm depth of cut. This totalled 10 metres of
cutting distance for each starting condition.

Top-down CSI measurements were carried out to assess the evolution of depth, width,
and chipping. Then, CSI measurements of the trench ends (enabled by 3D-printed
jigs) were performed to evaluate squareness, symmetry, and the w-ratio. Finally, the
rectangle was singulated with a narrower blade (80 pnm) along the middle of every
10th cut to enable CSI measurements of the sidewall surface roughness. The results

are discussed in the next section.

4.3.2 Results & Discussion

Firstly, the results for the depth evolution are displayed in Figure 4.4. Surprisingly,
both of the 100 pm deep starting conditions exhibited extreme wear in the first few
cuts, indicating significant blade loading, followed by a prolonged period of stable
wear. The initial blade geometry did not appear to have any major effect on this trend.
All but one of the starting conditions tended towards the same final depth of cut of
approximately 20 um still sufficient for optical waveguide fabrication, provided the
sidewalls remain sufficiently vertical, given that the optical mode diameter typically
ranges from 7 um to 11 ym. The exception is the 50 pm square starting condition,
which showed a linear wear trend throughout. Although the cause of this behaviour
remains unclear, the results suggest that blades tend toward a stable cutting depth
where loading remains consistent. To minimise blade wear with this specific blade in
lithium niobate, operated at a feed rate of 2 mm s~ and a spindle speed of 20,000 rpm,
a target cut depth of approximately 40 pm appears to offer an optimal balance

between machining performance and blade longevity.
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FIGURE 4.4: Chart displaying the evolution of cut depth over 10 m of machining dis-
tance for the initially 100 pm deep square and round, and the 50 pm deep square and
round blades.

Most of the cut widths did not change notably over the cut distance, as displayed in

Figure 4.5. The square starting conditions were the most stable, maintaining the same
kerf width throughout the full duration, likely due to their vertical sidewalls
experiencing no significant loading or wear. A handling error caused breakage in the
50 ym deep square starting condition, as seen by the sharp peak at the 9 m mark. The
100 pm deep round starting condition remained fairly stable, indicating that the
sidewalls were vertical at the surface. Although the blade was slightly narrower than
previous ones, the kerf remained within spec. The 50 pm deep round starting
condition was the anomaly, showing errors in depth of cut and localized sample
and/or bed curvature. This is confirmed by the curvature in Figure 4.5, where the
width increases again, indicating that the wafer was bent. This again shows that
round blades are more sensitive to issues with wafer curvature and depth of cut. For
this reason, round blades should not be used for ridge waveguide formation, as ridge
waveguides have poor optical tolerance for width variation [7-9].

Characterizing the squareness of the cuts proved challenging due to facet chipping
and sample contamination, leaving several data gaps in Figure 4.6. Despite this,
general trends can be observed; both square blades remained square throughout the
cut, while the round blades gradually trended towards becoming square, likely due to
increased tip loading, albeit very slowly. This further supports the idea that square
blades are more shape-stable than round blades, increasing optical performance if
used for physically machining ridge waveguides.



56 Chapter 4. Machining Dynamics in Brittle Materials for Device Based Photonics

105 ~ F
-, S
N R A M T B IS TN

100 ~
TT s 3 M Hee A — e R R el g O e

T 95 —»= 100 pm Round
El —%=- 100 pym Square
% —~w= 50 pum Round
S 90 == 50 pym Square

85 1

X
80 A ﬁ*m“%ﬁh % 305 Foggige 3 T 3¢
i L I aliat *

0 2 4 6 8 10
Cut distance (m)

FIGURE 4.5: Chart displaying the evolution of cut width over 10 m of machining dis-
tance for the initially 100 pm deep square and round, and the 50 pm deep square and
round blades.
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FIGURE 4.7: Chart displaying the evolution of cut symmetry over 10 m of machining
distance for the initially 100 pm deep square and round, and the 50 um deep square
and round blades.

The symmetry of the cuts is displayed in Figure 4.7, shows minimal variation,
however there is a slight decrease in symmetry for all of the blades. This implies that
the blade loading is not even, likely due to an angle offset between the blade cutting
axis and the machine feed axis. The round 50 pm deep blade remains the most
unstable, with large swings in the symmetry, indicating uneven blade loading due to

chip pockets filling up, causing poor debris clearance and blocking grits from cutting.

The W-Ratio is displayed in Figure 4.8, which indicates that the 100 um and 50 um
deep square starting conditions avoided the W defect, while the 50 pm round deep
blade worsened significantly. The W-ratio reached almost 10% of the cut depth,
indicating that the blade has consistent uneven loading. This also explains the large
asymmetry observed in Figure 4.8, as it is unlikely the trench was centered properly.
This is unlikely to have any effect on the optical performance of ridge-waveguides,

due to the physical distance from the sidewalls.

No significant trends were observed in the surface roughness and top-side chipping,
so for the sake of conciseness, this data was formatted into Table 4.1 and Table 4.2,
respectively. Surface roughness could not be measured for the 50 pym deep round
starting condition due to contamination issues. The 100 pm deep square starting
condition consistently showed the lowest surface roughness. Top-side chipping was
heavily influenced by the initial blade condition, with the round starting condition
performing 2-3 times worse than the square starting condition, and the 100 pm
starting condition performing 8 times worse than the 50 pm starting condition, despite
the overall trend toward the same shape. This highlights that the initial blade
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FIGURE 4.8: Chart displaying the evolution of cut “"W-ratio” over 10 m of machining
distance for the initially 100 pm deep square and round, and the 50 um deep square
and round blades.

Vertical Horizontal
Ra (nm) Rq (nm) Ra (nm) Rq (nm)
100 pm Round mean 0.17 0.21 0.46 0.50
Std Err (n = 15) 0.016 0.018 0.067 0.085
100 pm Square mean 0.16 0.20 0.37 0.20
Std Err (n =19) 0.003 0.005 0.051 0.004
50 pm Square Mean 0.41 0.54 1.49 1.74
Std Err (n = 15) 0.050 0.0058 0.414 0.537

TABLE 4.1: Table displaying the average surface roughness of initially both 100 pm
and the 50 pm square machined trenches. See Figure 4.9 for measurement schematic.

100 pm 100 pm S50 pm 50 pm

Round Square Round Square
Mean chip # /mm  102.3 53.7 12.5 3.2
Stdev (n = 40) 55.0 38.2 15.3 4.0

TABLE 4.2: Table displaying the mean chip density for initially 100 ym and 50 pm
round and square

conditions do have a long term effect on the physical machining, persisting despite the

blades trending towards being identical.

All of the results highlight the significant impact of initial parameters on the extended
dicing of lithium niobate, even as blade wear tends to guide the cut towards a

relatively repeatable shape. This phenomenon is particularly pronounced in chipping
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FIGURE 4.9: Schematic of vertical and horizontal Ra and Rq measured on a ridge
waveguide.

but is also evident in surface roughness, blade wear rates, and the symmetry/W-Ratio.
Properly configured initial parameters enable the achievement of a consistent form
during cutting, albeit with some compromise in surface roughness. However, the
roughness remains sufficiently low for ridge waveguide sidewalls and can be
considered as largely ductile machining given the largely sub nm surface roughnesses.
This is to be expected, given the blade distance per revolution is 0.24 ym compared to
the critical chip size of 0.1 pm to 0.3 pm. These results have highlighted that square
blades are notably more stable than round blades, exhibiting minimal form evolution
and showing improved ridge waveguide uniformity. The 50 pm square blade, in
particular, shows lower wear, though there is an indication of higher surface
roughness as a trade-off. These findings suggest that further investigation into blade
parameters is necessary, and further investigations into sample mounting, bed
flatness, wafer warpage during machining is required to achieve truly deterministic

results.

4.4 Blade Wear Rate as an Indicator of Ductile Physical
Machining

This section proposes a link between material ductility and blade wear rate, along
with a simple testing methodology to determine ductile machining parameters for
different materials. This experiment proposes that increasing feed rates result in
higher forces on the blade due to the increased material removal rate and blade pocket
saturation [10, 11], leading to more rapid blade wear, therefore also proposing that
minimum blade wear rate corresponds to the most ductile machining, and therefore
results in the lowest surface roughness during machining.

441 Experimental Methodology

To test this theory across a range of brittle optical materials, lithium niobate, silicon,
and silica were selected. A 25 mm by 50 mm rectangle of each material was singulated
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FIGURE 4.10: Chart displaying the roughness and blade wear rate for a range of ma-
chining feed rates for lithium niobate.

from a wafer. Groups of ten trenches were machined at each of the feed rates ranging
from 0.1 mms~! to 10 mms~! in each material, with a spindle speed of 20,000 rpm
and a 40 pm depth of cut using a fresh, undressed RBT-6084 SD6000 N100 BR16 blade.

The depth of cut was specifically chosen based on the trends observed in Figure 4.4.

Top-down CSI scans were performed on every trench to measure wear rates as
discussed in Chapter 3, and the samples were singulated down the middle of the 10th
trench to measure surface roughness. The results and discussion follows.

44.2 Results & Discussion

Lithium niobate shows the most noticeable regime change, as indicated by Figure 4.10.
There is a clear shift in regime at approximately 2 mms~! in both surface roughness
and blade wear rate. At lower feed rates, the wear rates remain relatively constant, but
beyond 2 mms~!, the blade wear increases. Interestingly, the change in surface
roughness is delayed, only occurring after 4 mms~!. The exact reason for this
discrepancy remains unclear, and the proposed correlation does not hold. This is
theorised to be due to blade wear being consistent enough that despite the rate being
higher, the exposed grit remains sufficiently dressed to machine smooth features.

Figure 4.10 displays a decrease in rate of wear rate increase with the feed rates. This is
likely due to the initial high wear rate causing a significant reduction in the maximum
depth of cut before the first measurement site. Additionally, the blade was found to
leave a carbon residue on the sidewall, as confirmed by EDX analysis, revealing 13%
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FIGURE 4.11: Chart displaying the roughness and blade wear rate for a range of ma-
chining feed rates for silicon.

of the surface area was found to be carbon. This also prevented accurate roughness
measurements.

Silicon displayed no true correlation between surface roughness and blade wear rate.
Similar to the lithium niobate tests, the perceived wear rate experiences a sharp
increase after 4 mms~! due to high wear before the first measurement sites, however,
as shown in Figure 4.11, a noteworthy result is observed. At feed rates below 1

mm s, the blade wear rate is negative. This means that the trench depth is increasing
due to higher blade engagement and less flexing. This is confirmed by the higher
surface roughness at these lower speeds, which is indicative of rubbing. The blade
begins to engage properly at 1.5 mms~!, leading to an increase in wear rates and a
subsequent decrease in surface roughness. This result is significant as it displays a
minimum feedrate for obtaining ductile machining in the physical machining of optics
context. Further investigations are needed to explore these specifics and determine
whether this behaviour varies with different blade binders, and/or grit sizes.

For silica, the blade wore extremely rapidly, leaving only an approximately 3 ym,
depth of cut, which prevented sidewall roughness measurements. Only the measured
feed rate is displayed in Figure 4.12. The observed trend is inconclusive due to the
extreme wear rate in the initial few millimeters. Further studies are necessary to gain a
better understanding of the dynamics involved, with harder wearing blades and
much lower feed rates, however, DAD 3430 is not capable of dicing with feed rates

below 0.05 mms 1.
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FIGURE 4.12: Chart displaying the blade wear rate for a range of machining feed rates
for silica.

4.5 Conclusion

The first experiment investigated the long-term evolution of physical machining in
lithium niobate using two depths of cut (50 and 100 um) and two blade shapes (round
and square) as starting conditions. All conditions, except for the 50 nm deep square
starting condition, trended towards a similar depth within the first meter of cutting.
This suggests that there is a ”stable” depth of cut that blades naturally reach during
extended cutting for a given feed rate and blade choice. The 50 pm deep square
starting condition exhibited linear wear but remained the most consistent across all
parameters discussed. Despite the 100 pm and 50 pm deep square starting condition
achieving similar symmetry and depth after the initial meter. This variation
underscores the importance of initial parameters in long-term machining

performance, likely due to issues such as blade pore clogging affecting consistency.

The cut width remained relatively stable throughout the test, with square blades
maintaining their width better than round blades. The experiment found that round
blades were more sensitive to issues like wafer curvature and bed variation, making
them less suitable for ridge waveguide formation, which requires precise width
control. Square blades showed better stability and shape consistency, enabling

consistent trench geometry and improved optical performance.

Square blades remained square throughout the cutting process, while the round
blades gradually trended towards becoming squarer over time. The "W-ratio” was
introduced as a measure of uneven blade wear, and it was higher for the 50 ym round
blade with the other blades staying statically non-"w”, suggesting poor blade loading.
The 50 pm round blade also exhibited increasing instability, highlighting how once

instability occurs, it can escalate further.

Surface roughness and top-side chipping varied between the starting conditions but
did not change significantly over the duration of the cutting. The 100 pm square blade

consistently produced the smoothest surface, and the square blades experienced the
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least chipping. Notably, the initial blade conditions had long-term effects on the
resulting form, surface roughness, and chipping, despite the blades eventually tending
towards the same shape. Overall, square blades were more stable and produced more

consistent cuts, making them more suitable for applications like ridge waveguides.

The second experiment tested the hypothesis that minimum blade wear rate
corresponds to minimum surface roughness, based on the premise that ductile
machining results in lower wear. This hypothesis was found to be false. However,
clear regime changes in surface roughness and wear rates were observed in silicon
and lithium niobate, with low surface roughness corresponding to lower wear rate,
but not necessarily the best wear rates as displayed in Figure 4.11. The reasons for
these discrepancies remain unclear, and further work is needed to understand the
underlying causes and advance towards deterministic machining. Potential factors
include the choice of blade material, as standard resin blades used in this study may
clog when machining certain materials. A softer blade is likely required for silicon and
lithium niobate, while a nickel blade, which is harder wearing, is likely required for

silica and might exhibit different wear and surface roughness correlations [12-14].

These findings suggest further optimisation of blade parameters (potentially as being
machined) and verification of wafer and bed flatness is required to achieve more

deterministic machining results.
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Chapter 5

Machining for Photonic Waveguides

5.1 Introduction

Waveguides and facets are two of the main building blocks of photonic devices, and
integrated optics. Waveguides are a critical component of integrated optics, they allow
in-device and in-plane guiding and interfacing with the optical mode. The interface of
a propagating mode has an extremely low tolerance to uniformity, with significant
propagation losses and any processes using non-linear effects will suffer diminished
efficiency. The finish of the final surfaces are important as well due to various
propagation losses that occur when the mode sides encounter rough areas, though this
effect does diminish quickly. Top side chipping will also diminish the optical
performance of the waveguides, especially deeper chips that enroach on the optical
mode, causing scattering effects and effective refractive index (neg) changes within the
waveguide. This is a key issue with non-linear processes since n.¢ and phase

matching between multiple wavelengths is critical.

Facets are the main method of coupling light in and out of waveguides, photonic
integrated circuits and many more interfaces. Any defect in the facet finish can have a
catastrophic effect on coupling efficiencies, leading to further facet damage if the
powers involved are high enough. Facets must be smooth, typically with a sub 5 nm
surface roughness, preferably sub nm range. This is why facets are physically
machined using the ductile regime, allowing for the best coupling performance. Form
must also be controlled, especially facet angles if coupling between two interfaces in a
medium with a lower refractive index. Any angle mismatch is likely to increase
Fresnel reflection losses. Diamond sawing is a way to single-step process facets,
without any further polishing steps, reducing costs and prices significantly.

This chapter will study the form control of waveguides by changing the thickness,
therefore the stiffness, of the diamond blade, to improve the optical performance of
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PPLN ridge waveguides. Firstly, the chapter discusses the principles of frequency
conversion in optical materials as a background introduction. Once the topics have
been introduced, the experiment and results shall be discussed.

5.2 Performance of Wide vs Narrow Blade Machined Ridge
Waveguides

This is an investigation of waveguide uniformity to improve the optical conversion
performance of various LN ridge waveguide devices. The primary target is to extend
the practical wavelengths supported by LN further. One requirement of this is to have
highly uniform ridge waveguides, since the shorter the target wavelength, the tighter
the tolerances are on the fabrication steps.

This section introduces non-linear conversion, then phase matching requirements to
explain the need for tight constraints on the ridge waveguide uniformities, before
moving onto the experimental section.

5.2.1 Nonlinear Frequency Conversion

Typically for frequency conversion, a material’s non-linear response is used to convert
the input power to the output wavelength with some level of efficiency. When light
interacts with a material, the electromagnetic field will cause momentary oscillations
at a subatomic level. For most materials these oscillations will have no effect on the
emitted light, however in certain materials, the oscillations can trigger sub-oscillations
with a non-linear response. These can be second, third, fourth etc order responses
depending on the material, and are characterised by the non-linear X" coefficients,
where n represents the order. Here, the focus is on lithium niobate due to the
transmission band being large from 400 nm through to 5 pm and high X(? value, as

well as a wealth of experience and interest in this field.

Many alternative non-linear optical materials exist, two keys materials are Potassium
titanyl phosphate (KTP) and Lithium Tantalate (LT). KTP is largely used for quantum
optics due to a high overlap with telecommunication C-Band, and the electro-optical
properties are of interest in many research and commercial fields. LT is similar to LN,
however has a lower transmission band, being as low as 277 nm. However, LT has a
lower 2nd order optical conversion parameter than LN, therefore LN will outperform
LT for many applications, except for UV /blue conversions. Little work has been
carried out on LT for this reason and the lack of suitable dopants, though some

commercial applications exist.
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To get high efficiency wavelength conversion, high intensities are generally required
to trigger the non-linear responses, and phase matching to make use of it. To obtain
high intensities, laser resonant cavities, pulsed lasers or narrow waveguides are
typically used. This work will use narrow ridge waveguides ( 7 pm) as a method of
obtaining the high intensities required, with relatively low input power of 300 mW.

5.2.1.1 Phase Matching

To efficiently change wavelengths, phase matching is required to keep the complex
amplitude components of the conversion the same direction, resulting in
unidirectional power flow, as displayed in Figure 5.1. This is the process of which the
phase relationship between the signal and pump waves is maintained as it is
propagating through the device. The phase matching condition is Ksignal = 2 * kpump,
where k is the wavenumber of the pump and signal waves. This also typically requires
control of dispersion and polarisation to be successful. Normally bifrefrigent
phase-matching is used to correct the phase mismatch, with the one polarisation being
the pump and the other polarisation being the signal waves. To get the refractive
indexes to fulfil the phase matching condition exactly for the most optimum efficiency,
temperature sweeps are required to find the optimum temperature according to the
thermo-optical effect. The refractive index dependency on the wavelength and
temperature is well known to follow the empirical Sellmeier equation [1, 2], therefore
by changing the temperature, the wavenumbers are changed and thus temperature
can be used to correct the phase mismatch [3].

An alternative for phase matching is quasi-phase matching, which removes the
polarisation constraints, at the cost of reducing the non-linear coefficient by a factor of
2/m. Despite this, due to the polarisation direction being the same direction for both
of the waves, allowing for more power transfer, it can still be more efficient in practice

than true phase matching.

Quasi-phase matching (QPM) was first introduced in 1962 by Armstrong et al. [4], and
effectively consists of changing the sign of the complex amplitude components of the
conversion when the energy transfer vector starts trending backwards, resetting the
energy transfer direction. This is also displayed in Figure 5.1. QPM is carried out by
periodically poling the crystals, such that the crystal domain axis flips periodically,
meaning the sign of the d33 tensor changes. In LN, this is carried out by using electric
tields to induce a change in the domain direction, using the ferroelectric properties of
LN as displayed in Figure 5.1. Like in true phase matching, QPM requires
temperature sweeping to find the exact phase matching condition, however, due to the
poling, this can be controlled to be significantly lower temperature than in true phase
matching processes.
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FIGURE 5.1: a) Phasor diagrams indicating the energy transfer direction and magni-

tude as a result of phase matching, quasi phase matching and no-phase matching. b)

Chart displaying the resulting SHG intensity as a result of the three phasors displayed
in a). ¢) Corresponding poling diagram for the phase matching in b).

5.2.1.2 Waveguide Uniformity

To have highly efficient ridge-waveguides, the mode overlap between the pump and
signal waves is required to be kept the same throughout the length. Any width
variation along the length of the waveguide will cause distortion of the modes, and
due to the different wavelengths, the modes distort differently, reducing their effective
overlap, and limiting the resulting power transfer between the modes. Few studies
have investigated the waveguide uniformity on the resulting phase matching spectra.

These will be discussed below.

Chavuet et al, numerically modelled a LN ridge waveguide with a linear variation
and calculated that a 200 nm ridge width deviation would cause a two-thirds loss in
the maximum efficiency [5]. Chauvet also highlighted that a larger linear ridge taper
can cause two phase matching peaks in a LN device, causing a catastrophic efficiency
loss. This highlights the importance of controlling the ridge width, even down to
significantly sub micron. This is the main reason that this work characterises the width

variation of typically fabricated ridge waveguides. The confocal microscope system
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FIGURE 5.2: Diagrams displaying the modelled waveguide shapes by Gray. a) is the
ideal 6.8 pm wide ridge waveguide, b) is a linear width variation and c) is a parabolic
curve. Taken from [8]

allows further investigations into the causes, identifying the cut locations directly on
the device, allowing for longer form errors to be identified. Furthermore, while
targeting a different non-linear process, spontaneous parametric down conversion,
Satandrea et al, highlighted that while random waveguide variational noise has little
effect on the phase matching spectrum, low frequency noise on the waveguide width
does have significant effect on the resulting phase matching spectrum [6, 7].

To further characterise the effect of uniformity of a waveguide on phase matching
spectra, Gray [8] modelled three ridge-waveguides, all targeting 1560 nm to 780 nm
SHG, as displayed in Figure 5.2. The first was a perfectly straight, ideal 6.8 pm wide
waveguide, second was a waveguide with a linear width variation, and third was a
parabolic curve. Two witdh variation magnitudes are considered, 60 nm and 540 nm.
The resulting phase matching spectra are in Figure 5.3. Comparing Figure 5.3a to
Figure 5.3c and Figure 5.3d to Figure 5.3f, indicates a significant drop in efficiencies as
a result of the change in magnitude of the SHG intensities, with both decreasing an
order of magnitude. This is a significant drop, and both variation magnitudes are not
unplausible with modern dicing machines, given that current machines are rated to 1
pm cut straightness variation over 200 mm, before considering blade flutter and flex.
This further highlights the requirement for exceedingly consistent and precise

physical machining of ridges.

To summarise, to extend the practical usage of wavelength conversion into shorter
wavelengths and to increase efficiency of the waveguides, the machining stability
needs to be improved since the tolerance of width and straightness decreases
non-linearly with the wavelength. Width and straightness are critical to keep
consistent, and as close to nominal widths as possible. Therefore, this experiment
proposes the usage of a thicker blade, providing more machining stability and less
blade flutter and wander to provide better width uniformity, therefore significantly

improving the SHG conversion.
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consider a 60 nm variation, and the middle spectra represent 540 nm variation.
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5.2.2 Experimental

In this experiment, four devices were fabricated using the process discussed in

Figure 2.5. A thin layer of metallic zinc (typically 100-200 nm) is deposited on a 5%
MgO doped lithium niobate wafer, then the layer is diffused into the surface by using
a high temperature oven [9], to provide vertical confinement of the mode by creating a
planar guiding layer. Periodic poling is performed first for SHG, and is performed by
applying a high voltage across the wafer, with a periodic photoresist pattern
providing the pattern of the poling. Next is diamond machining of the ridges,
defining the optical lateral confinement, carried out on a Disco DAD 3340.

With this particular wafer for the purpose of experimentation, two ridges were
machined per device, targeting a nominal ridge width of 7 ym. One ridge was
fabricated with the 300 um kerf blade and the other was fabricated with the 100 pm
kerf blade for comparison. A labelled image illustrates this in Figure 5.4. As
displayed, the ridge pairs were fabricated next to each other, to remove uncertainty
about the effects of planar waveguide and poling uniformity, hence the results will be
presented in pairs. The cutting parameters were chosen from the results of Chapter 4
for optimum cutting stability; 2 mms~! translation speed, 20,000 rpm spindle speed
and a depth of cut of 30 pum. The facets were single-step machined, with 0.1 mms™!,
20,000 rpm spindle speed and depth of cut of 40 um, providing an optical quality
surface finish for coupling. Both of the waveguide facets were machined in the same
pass, keeping the surfaces directly comparable. One device was found to be faulty, so
this device is labelled S4 in this work, with the functioning devices labelled S1-3.

The three remaining devices were optically profiled by Noelia Palomar Davidson,
who performed the temperature sweeps to obtain the phase matching spectra, and
conversion efficiencies for each of the devices. The experiment schematic is shown in
Figure 5.5. After the spectra had been obtained, the samples were profiled with the
confocal scanner, described in Chapter 3, for straightness and width variation, and
finally the offcuts were singulated for sidewall surface roughness measurements on

the Zygo Zegage.

5.2.3 Results & Discussion

The resulting phase matching spectra are displayed in Figure 5.6 with the normalised
efficiencies displayed on the right for the purpose of spectra comparison. It is
immediately obvious that the 300 um machined ridges perform significantly better
than the 100 pm machined ridges with the average improvement being 226%. Also of
note is that the spectra for the 300 pm consistently fits the expected sinc? profile better,
with symmetrical lobes that reach near zero. This is all indicating a more uniform

mode overlap and phase matching condition, therefore a more consistent ridge width.
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300 pm

FIGURE 5.4: Labelled microscope image of 100 pm and 300 um kerf blade machined
ridge waveguides. The facets are machined at 7° to minimise coupling losses by en-
abling a wider angle of acceptance relative to the input beam [10].

Multiple investigations were carried out to identify the cause of the efficiency
improvement and to rule out other fabrication differences comparing the two blade
widths. Starting with the width variation, and straightness. Then top-side chipping

and surface roughness are evaluated.

The widths along the length of ridge waveguide are displayed in Figure 5.7, with the
accumulative width deviation across the length displayed in Figure 5.8 and
straightness displayed in Figure 5.9. All of the ridges are slightly wider than the
nominal ridge width of 7 pm, with them being about 3-5 pm wider, indicating that
both of the blades are marginally narrower than their specified widths. Given the
overlap of the S2 and S3 ridge widths, this does not matter significantly from a
comparison point of view, and given that the S1 100 pym machined ridge is closer to
the nominal width and yet still performed significantly worse optically than the 300
pm, further indicates that the average ridge widths are not the significant factor
behind the lower efficiencies. It shows that despite a better average ridge width, the
mode overlap of the more width consistent ridge waveguide is still better, implying
that straightness of the two trenches that make up a ridge waveguide is more
important than the ridge width to a point. The S3 100 um machined ridge has clearly
had some sort of machining defect in the fabrication, with the sinusoidal variation
between 15 and 30 mm and the rapid shift after indicating that the dicing blade had
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FIGURE 5.5: Schematic of the experimental setup for the wide vs narrow temperature

sweeps.

either bent and course corrected, or that the dicing saw slider had drifted and the

controller brought it back to the required location causing a rapid change in position.

To further examine the width variation along the length, the accumulative width
variation along the ridge length was plotted in Figure 5.8. This provides a quality
factor as ridge width is proportional to ne¢ and thus phase error. It is immediately
clear that the 300 pm machined ridges are more uniform in width than the 100 pm
machined ridges, which confirms the theory that the improved efficiency is due to the
wider blades providing more machining stability and more uniform ridges. However,
the fact that S1 and S2 have similar features in similar places does imply that there is
an issue with the uniformity of either the wafer (i.e warpage) or the air slider. Very

careful further investigations are required to identify the cause.

Straightness of the ridges is evaluated by usage of the confocal microscope to locate
the ridge edges, then taking the midpoint as the mode mean path. This is presented in
Figure 5.9. The general curvature is very similar across all of the sections, implying
that either the air-slider or the wafer is curved, or that the blade torque caused wafer
chuck rotation. The most likely cause from internal observations is that the wafer was
curved when machining was performed, then when released, the ridge waveguides

became curved as a result of the strain. Otherwise the general trend is approximately
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3). A rolling average over 30 points is used to smooth the points for analysis. Data
obtained with the confocal scanner.
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sub 1.5 pm variation over a 40 mm length of cut, which is within the machine
specifications, and for S1 and S2, is generally of a slow rate of change and are similar
enough that straightness can be ruled out as a significant contributing factor to the
improvement in the SHG performance. The exception is in S3, where there is a rapid
rate of change around the 30 to 35 mm mark in the straightness and the width of the
100 pm blade machined cut, which explains the 5x worse optical performance in the
100 pm machined ridge over the 300 pm machined ridge. The straightness having
approximately half of the width deviation means that only one cut was the cause of
the anomalous result. It is unknown whether the controller on the DAD 3340 corrects

the y-axis position midcut, or whether the blade bent.

The topside chipping data was obtained using the processed documented in Chapter 3
and is shown in Figure 5.10. It indicates several things, the first is that the blade is
clearly slightly anti-symmetrical when cutting, which can be due to many factors,
though this is likely to be either the spindle not being completely perpendicular to the
cutting direction or the blade weighting or lapping finish is anti-symmetrical. There is
a general upwards trend as well, indicating that the chipping is increasing as the cuts
increase, indicating blade wear or clogging. But on average the top side chipping is
marginally worse on the 300 um cut ridge waveguides over the 100 pm. This low
chipping in combination with the mode depth as discussed in Chapter 3, rules out
chipping as a factor that explains the increase in efficiencies with the 300 pm cut

waveguides.

Table 5.1 is the sidewall surface roughness, characterised by singulation of the off-cuts
and then profiling with the Zemetrics Zegage, with sites displayed in Figure 5.11. A
Gaussian 1 ym spline fit is used to remove the curvature of the blade. Taking the
average of these results, the 100 um blade gives 0.2495 4 0.0011 nm Sq and the 300 pm
blade results surface roughness of 0.2704 & 0.0006 nm Sq. The 100 pum cut ridges are
marginally smoother than the 300 pm cut ridges, however, all of the ridges are well
within sub-nm roughness, ruling out the roughness as being a factor for the

significantly increased optical-conversion performance.

5.3 Conclusion

An extended investigation into ridge waveguide uniformity was carried out, targeting
the improvement of SHG performance in 1064 nm to 532 nm non-linear conversion.
This has very high machining tolerance requirements. Two blade widths have been
used, 100 pm and 300 pm, to fabricate ridge waveguides, with a resulting average
optical performance improvement of 226% of the 300 nm wide over the 100 pm wide
machined ridges. The investigation highlighted the significantly improved width

uniformity as the cause of the improvement in optical performance, due to the
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(1-3). A rolling average over 30 points is used to smooth the points for analysis. 0 rep-

resents the mean y position of the ridge. Data obtained with the usage of the confocal
scanner.
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FIGURE 5.10: Chart displaying the chipping results for the three wide vs narrow blade

cut data. Starting at approximately 2 mm from the start of the waveguide, with sites

evenly spread out along the length of the waveguide. Top and bottom represent the
relative sides of the waveguide to indicate differences between the blade cuts.
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FIGURE 5.11: Diagram displaying the CSI scan sites for Table 5.1.

Ridge 100 um Ridge 300 pm

Average Sq (nm) | StdErr (nm) | Average Sq (nm) | StdErr (nm)
S1 0.1506 0.0042 0.3783 0.0058
S2 0.2072 0.0038 0.1977 0.0027
S3 0.1738 0.0031 0.2535 0.0036
S4 (broken) | 0.1799 0.0073 0.2501 0.0061
Non-Ridge 100 pm Non-Ridge 300 pm

Average Sq (nm) \ StdErr (nm) | Average Sq (nm) \ StdErr (nm)
S1 0.1514 0.0120 0.1746 0.0028
S2 0.4381 0.0109 0.3027 0.0047
S3 0.3973 0.0111 0.2880 0.0096
S4 (broken) | 0.2976 0.0180 0.3184 0.0041

TABLE 5.1: Table of the average sidewall roughness (Sq) of the 300 and 100 pm ma-
chined ridges. The ridge values are the ridge sidewall values, the non-ridge are the
opposing sides of the same cut for comparison as displayed in Figure 5.11.

superior stability of the wider blades. It also highlighted no significant surface
roughness and top-side chipping changes between the blades.

The cut straightness measurements identify heavy curvature of up to 1.2 pm though is
it technically within machine specification. The exact reasoning is unclear, but is
theorised to be due to wafer curvature, bed mounting or torque caused by the dicing
blade. It is unlikely to be due to blade wear, because observations have seen sub 0.1
pm wear while performing similar work. The width accuracy is poor, with all of the
ridges being 3-5 pm wider than nominal, however, this is a trivial fix of performing
better blade kerf measurements. 1.2 pm over 40 mm is impressively good compared to
etching processes, however, does still leave room for improvement. Further
investigations should examine the wafer curvature, bed flatness, blade curvature and

stage to spindle squareness in more detail, for better machining of grooves.
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Chapter 6

Machining for Precision Alignment

6.1 Introduction

In the past 20 years, there has been huge interest in the field of quantum technology
and integrated optics, leading to significant advancements in these fields. Work on the
integration and miniaturisation of optics and photonics especially in the field of
atom/ion traps is of specific interest. Atom and ion traps are critical components of
quantum technology. Atom and ion trapping is a technique used to confine and
control individual atoms or ions with electromagnetic fields and/or lasers. Usually
neutral atoms are trapped using laser and magnetic field combinations, with charged
ions trapped by using electric fields with interactions carried out using optics. These
devices allow for studying of quantum phenomena [1, 2], gravitational sensing [3-5],
accurate atomic clocks [6-8] and development of quantum computers [9-13].

Atom and ion traps have extremely stringent long term alignment requirements on
components. The alignment tolerances vary significantly depending on the specific
components used, the type of trap, the number of particles, wavelength of the light,
and sensing capabilities. Typically for optical trapping of neutral atoms, the
misalignment tolerance is on the order of the beam waist, normally low single digit
microns [14-18]. For ion traps, the beam misalignment tolerance is normally
sub-micron due to the increased precision requirements for cooling and interaction
with the states.

Another alignment consideration is the 3D alignment of multiple layers allowing for
more symmetrical electrode formats, greater trap depth and easier shuttling of ions
through 2D junctions [19-21]. While electrodes are not considered within this work,
the proposed platform addresses the 3D alignment of multiple layers. Prior multiple
layer ion traps have been fabricated using manual alignment of femtosecond etched

silica wafers utilising optical feedback, limiting the alignment precision to tens of
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microns, resulting in undesirable micromotion [22, 23]. Day et al. also reported a
similar issue due to a beam path misalignment resulting in a 2 pm misalignment in the
trapping region [24]. Ragg et al demonstrated a multiwafer alignment method with an
impressive 3D alignment tolerance of < 2 pm utilising femtosecond laser-enhanced
etching of a three point support mechanism [19], however, the geometry is not feasibly
physically machined.

Typically, current trap beam alignment systems use a two step active alignment
process, a general rough alignment that can automatically or manually place the
component with some sort of fixing compound. Then another finer manual alignment
is carried out based on feedback loops, before the component fixation, or during the
fixation i.e when solder is cooling [25]. The combination of fixation compound,
multiple small components and positional feedback sensors add significant
complexity to the fabrication of the device, making it an expensive and time

consuming method, limiting mass production.

Given the limited miniaturisation of certain atom and ion trap designs, due to
multiple free-space components requiring multiple chip based photonic devices, atom
and ion traps are an ideal example for the platform development, although the
proposed passive alignment platform can be used elsewhere in general miniaturised
optical systems, i.e free-space micro-optical benches [26, 27], where hybrid
components are aligned to theoretically sub um tolerances. Both the optical distance

and alignment must be strictly controlled to sub-micron precision.

This section has highlighted the need for a highly precise and scalable
multi-component alignment system that is capable of aligning complex 3D assemblies
consisting of multiple miniaturised optical and photonic components with
exceedingly high precision. This chapter introduces the various concepts of
alignment, analyse current passive alignment methods. The chapter then proposes the
development of a novel passive alignment methodology capable of sub-micron
accuracies, targeted towards atom and ion traps, however, this work should be
applicable to many areas of optics and photonics. This platform utilises ultra-precision
physical machining, finding the limitations of the fabrication method. The design,
fabrication and testing shall be discussed, and ultimately the limitations of physical

machining encountered in this work.

6.2 Passive Alignment in Optics & Photonics

Passive alignment in optoelectronic and photonics packaging is defined as the
technique where component alignment is performed without using active feedback
from the component or temporary sensors to position the component and fixed in

place. Using active feedback loops to align components is called active alignment.
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Passive alignment is primarily used in the assembly of optical fibre interconnectors
[28-31], laser diode packaging [32-35] and photonic integrated circuits [36-38]. The
main driving interest behind passive alignment, is that it allows for costs to be
reduced significantly since the component activation is not required during the
alignment steps, simplifying the process of assembly. It also allows for significantly
better repeatability of accurate alignment; however the method also places highly
stringent accuracy and precision requirements on the fabrication, especially at the sub

micron scale.

Passive alignment can be split into two general subsets: elastic and kinematic
alignment. Elastic averaging involves incorporating flexibility into the design
components (e.g., springs, microcantilevers), allowing the counter-component to
elastically self-align within the assembly. This approach is primarily seen in larger

devices, where there is more space for complex assemblies and movement.

Kinematic alignment, on the other hand, focuses on absolute constraint of the degrees
of freedom, where the aligned components only have one possible resulting position.
This method is more challenging to machine since it requires ultra-precise tooling.
However, it offers the advantage of being extremely repeatable when executed
correctly. Kinematic (or exact constraint) methods rely on constraining the system by
matching the number of contact points to the number of degrees of freedom, ensuring
the system is statically determinant. Kinematic methods do not appear to be typically
used in small-scale photonic platforms because of the highly precise alignment
tolerances, design limitations required at such small scale, making it extremely

challenging to fabricate on the small scale with 3D physical machining.

Elastic averaging [39-43] is normally used and is based on over-constraining the
system, but each constraint point is flexible. This process aligns components with
multiple “flexible” attachment points such as hooks, bumps or clamps that are shaped
or are flexible to allow sub-optimal alignment interlocking individually, however,
these average out to provide an improved overall alignment for the device. The extent
of the averaging depends on the specific design used. This has a significant advantage
of not requiring expensive nanometer precision tooling, though numerical simulations

and/or redesigns are required to improve the current designs.

The elastically averaged devices are capable of aligning to a sub micron accuracy,
however, the elastic aligners tend to require significant real estate on the chips and
have robustness issues, preventing usage in extreme scenarios such as high
temperatures, impact or vibrations. The main reason why this work does not use
flexible structures or clamps in this way is that the physical machining technique is
not suitable for fabricating 3D complex structure, being limited to straight lines, with
limited control over the start and end points. It is hoped that the UPROAR project, a
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next generation ultra precision dicing machine, will enable significantly more complex

structures and further investigations into alternatives.

Slocum et al [40] used elastic averaging to obtain +0.2 um accuracy aligning two 120
mm square aluminium plates with flexures. This is well within the accuracy
requirements of fibre alignment, however, the 10 mm sized flexures are difficult to
scale down sufficiently for the assembly proposed here, partly due to machining
capability, but also due to the brittle nature of optical materials. Flexible locking hooks
or similar structures on the sub mm scale are unfeasible which leaves us with the
obvious choice of hard components that interlock. An immediate choice is ball
bearings or dowels in a set of rounded holes on a multiple layer system. While metal
ball bearings are surprisingly consistent in their diameters as the best grade (3) allows
for +80 nm variation in diameter [44], due to containing iron, they are not considered

suitable here due to their magnetisation .

Solder-bumping techniques are promising with their alignment accuracy. A notable
method is transferred multi-chip bonding (TMB) [43, 45], proposed in 1998 by Akira et
al [45], which has been used to obtain +6 nm accuracy with a stack of four AIN chips
of unknown size, with simulations suggesting similar accuracy can be obtained with a
stack of up to 18 chips. This process is uncommonly used due to the complexity. A
patterned quartz plate is pasted to the substrate as a mask, then a gold-tin alloy solder
is flowed in to create the alignment marks. The underside of another chip has the
reverse alignment marks created in the same way, and the chips are stacked and
bonded by heating the solder which shrinks therefore providing the elastic averaging.
Due to the complexity of this setup, usage of metal and the poor height control, this

method is deemed not suitable for the platform.

For quantum technology to become truly mainstream, these alignment requirements
need resolving, enabling multi-millimeter sized device to device alignment with
sub-micron precision. To solve this, this chapter proposes a passive alignment
platform where the components including waveguides, lenses and miniaturised
integrated photonic chips can be fixed onto a substrate. The passive self-alignment
properties are provided by a combination of the high tolerance optical fibre diameters

and ultra-precision deterministically machined trenches.

6.3 Assembly Principles

This section proposes a novel U-Groove based deterministically machined passive 3D
alignment assembly, based on the principle displayed in Figure 6.1. To the Authors’
knowledge, no one has performed 3D passive alignment of optical components with
perpendicular U-Grooves to control spacing laterally in all axes. Only one 2.5D

U-Groove fibre dowel based alignment platform has been discussed in literature,



6.3. Assembly Principles 87

Machined Machined
Trench Trench
Component
Fibre Fibre
Dowel Dowel
Baseplate
Machined Machined
Trench Trench

FIGURE 6.1: Diagram displaying the key principle of the passive alignment using fibre
dowels in U-Grooves to align components to a base-plate

where Park et al, created a fibre dowel U-Groove alignment method to align a fibre
array to a Photonic Lightwave Circuit platform (PLC), with an impressive lateral fibre
to PLC alignment accuracy of < 1.2 um [46], which is a promising indicator of the
platform capabilities. To extend this into 3D, a novel method is proposed with
machined perpendicular U-Grooves to test whether the alignment and straightness of

dicing saws is sufficient for the purpose of component alignment.

This assembly was developed to both validate the tooling and to minimise the
fabrication steps, enabling a high throughput of test assemblies. The first
consideration was the dowels. For optimum precision, the requirement is for
something with a near perfectly round cross-section and nanometre accurate diameter.
SMEF28 (Single Mode Fibre) produced by Corning is quoted to have a diameter of 125
£ 0.1 pm over 5 km. Whispering gallery modes have been used to measure the
diameter variation of short segments of fibre. Poon et al measured a diameter
variation of 9 nm over a 7 mm segment [47], therefore it is not unreasonable to assume
there is minimum variation over a length of 30 mm. With an accurate component to
act as the dowel in the alignment platform, the next step is to fabricate grooves for the
dowels to locate into, and verify the capability of producing such features with the

necessary precision.

6.3.1 Fibre V & U-Grooves

V-Grooves are commonly used when fabricating fibre arrays (V-groove arrays),
allowing a standard pitch accuracy of < 3 um, with individual arrays achieving 0.5
pm [48, 49]. U-Grooves have also been used in fibre arrays, obtaining a similar pitch
accuracy [50]. The main benefit of using groove based alignment, is that the fibre only
has to be initially placed to half of the fibre width accuracy (62.5 pm for standard
single mode fibre) before the fibre will self-center in the groove, allowing for less
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precise jigs and holders to be made for rapid pick and place robot or manual hand
placement.

There are two types of U-grooves, the first is where the fibre sits on top of the corners,
and the other where the fibre sits inside the trench completely. The latter is often used
for butt-coupling fibres, however has no usage in this work due to the alignment
platform requiring both sides of the fibre to be exposed. The top corner method will
be used within this work, because it allows stacking of multiple layers and henceforth
will be referred to as “U-groove”. However, despite the improvements of the
tolerances, the U-grooves are not often seen in literature. Most fibre-arrays use
V-Groove based designs, likely V-grooves relative ease of etching angles in silicon.
This ease is because of silicons’ crystal axis planes causing non-uniform etch rates
with certain etchants. The standard prevalence of MEMS tooling for silicon also
allows significant scale cost reductions over a custom one off etching process for a
specific material.

The main principle of the V- and U-Groove platforms are displayed in Figure 6.2, with
idealised grooves displayed in the top half. The benefit of using these groove types is
that U-Grooves platforms are immune to displacement errors caused by surface
chipping since the tension of the fibre will enable the fibre to remain straight while
passing over chipped regions. The primary benefit of using a U-groove over a
V-Groove (at least when physically machined) is that as long as the groove depth is
sufficient, the fibre misalignment is decoupled from the blade wear. In general, the
blade sidewall doesn’t have significant loading, so width wear is minimal, providing a
constant width throughout the machining provided that the trench depth is sufficient
that the shape does not approach the surface, making parallelism of trenches and
straightness the main concern. However, when a V-blade is used, the wear will be
spread across all of the V surface, causing misalignment in both directions since the
wear is unlikely to be even. This is illustrated in the lower half of Figure 6.2.

6.4 Assembly Design & Discussion

The assembly was designed to test the fabrication tolerances of the dicing machines
available, and to see whether physical machining can be used for the purpose of
creating a novel passive alignment platform for quantum technology. The testing
methodology is to air-couple two fibres over a target gap of 20 um, with machined
U-grooves and fibre dowels. This is to ensure that the heights are consistent, allowing
parallel alignment offsets to be calculated utilising the coupling efficiencies between
the fibres. The design was based on the principles of a fibre array, where the active
fibre is placed within a dummy fibre array that is singulated in half. The array halves
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FIGURE 6.2: Schematic displaying the principles of an optical-fibre in a V-Groove and a

U-Groove. The top row displays the idealised U- and V-Grooves, with the bottom row

displaying fibres sat in worn U- and V-Grooves. The dashed line indicates the initial

position of the fibre in the V-groove indicating a displacement, whereas the fibre on
top U-Groove fibre remains fixed in place.

FIGURE 6.3: U-grooves ina “n” (top) and “T” (bottom) layout, as highlighted in green.

are then mounted on a base plate with fibre dowels and machined, spaced trenches to
obtain the target gap as shown in Figure 6.4.

”_ 7

The designs are based around having U-Grooves in “n” or “T” layouts on the
underside of the array and topside of a base-plate. These grooves combined with fibre
dowels as the interlocking mechanism will fit together as displayed in Figure 6.3. The
T’s are arguably kinematic, due to having 6 contact points to restrain the 6 degrees of
freedom, however, the lengths of the fibre involved make the contact points extend

over a relatively large area. The “n”s are not kinematic due to having 8 contact points

for 6 degrees of freedom, but are semi-elastically averaged, allowing for more stability.
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To achieve a 20 nm gap between the optical fibres, the blade kerf has to be known and
accounted for in advance. A test cut in the target material is performed with the
planned singulation blade, and the kerf is measured with the ZeGage. Figure 6.4a
shows the first step of the fabrication of the assembly, starting with a 100 mm by 25
mm silica rectangle (AB).

Silica was utilised due to the materials” high strength, temperature resistance/low
expansion and vacuum stability. Atom traps require vacuum and thermal stability.
Usually atom systems are baked out to minimise outgassing, then pumped down to
low temperatures. Thermal expansion coefficients are to be matched or kept similar to
maintain alighment during these extreme temperature swings. Silica is chosen to
enable the usage of matching expansion coefficient glass frit solders for bonding. For
these platform tests, UV curable resins were used to quickly fabricate test assemblies.
This was because of the ease of use and because they are curable through the silica. A
low viscosity UV-glue has been chosen due to the limited space, and for the glue to
wick along the fibre.

A rectangle was singulated out of a silica wafer as displayed in Figure 6.4a, to
construct the base-plate (B) and the bottom array (A) plate. Two lengthwise
U-Grooves were machined in a single pass, enabling machining of parallel grooves
with the same pitch (distance apart) on both base-plate and bottom array plates. This
minimised the chances of errors occurring during the fabrication. Next, the rectangle
was rotated 90° and the alignment U-Grooves that control the lateral offset spacing
were machined, targeting a gap of 20 um. The base-plates’ (B) pair of grooves are set
to 5 mm, spaced in between the middle of the base-plate. The bottom array plate had
the counterpart U-grooves with spacing of 5 mm + 20 pm - singulation blade kerf
machined into the middle of the other half.

The next step was to groove in the array U-Grooves on the other side of the rectangle,
then singulate the rectangle into two (labelled A and B) as indicated in Figure 6.4b.
The bottom array plate with the alignment features grooved in was fixed on a vacuum
chuck. Active optical fibre, used for testing the coupling post-assembly, and fibre
dowels were placed into the groove as required, typically one active fibre and one or
more more fibre dowels for controlling constraints. A wire was used to place a very
minimal amount of UV resin on the chip then the cap (C) was placed on top with a
weight. It was left for a while to settle in place, then UV gun cured to be fixed in place

as illustrated in Figure 6.4c.

This fibre array was singulated with the specific blade measured in a previous step
between the two offset grooves. This step was illustrated in Figure 6.4. The
singulation was carried out with a high-grit blade (#5000 +) at a feed rate of 0.1
mms~! to obtain optical quality finish on the active optical fibre. The array cap piece

was a flat rectangle diced out of a silica wafer. The cap is flat to reduce the complexity
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FIGURE 6.4: Fabrication steps of the passive alignment platform. Red dashed lines are
machined grooves and the green dashed line is a singulation cut. a) Initial U-grooving
step for creating the 3D lateral alignment features b) Fibre array component fabrica-
tion for alignment testing c) Fibre array construction d) Singulation of fibre array e)
Reconstruction of fibre array to test alignment platform
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Fibre 2
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Fibre 1 —
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FIGURE 6.5: Diagram displaying the two relevant offsets for the parallel equation in
Equation 6.1

of the assembly and possible causes of misalignment. There was no requirement to do
this step in this order, however it makes the grooving simpler and quicker.

The final step was to assemble the test device, as depicted in Figure 6.4e. Fibre dowels
were placed into the grooves as required. The array halves are then placed onto the
base-plate with wire deposited UV glue - typically OP-20632 due to the low viscosity.
A weight was placed on top and the device cured with a UV LED gun. The complete
assembly then had fibre patch ends spliced on the active fibre as required to enable

power transmission throughput to be evaluated.

6.5 Assembly Results

The assembly tests were carried out on the Loadpoint MicroAce 3 dicing saw, then
switched to the DAD 3430 dicing saw for the purpose of comparison. In the interests
of conciseness, only the most performant results are in Table 6.1 and will be discussed
here in detail. The lateral offset equation in Equation 6.1 is used to calculate the
offsets, as displayed in Figure 6.5, assuming that the fibres are parallel to one another

and the Z-offset is measured by the microscope.

2 2 2 2\2

AX g wl + wz ln 17 (wl _2‘_(’;]2) (61)

2 4 (“’1“’2)

Where;
1.619 2.879
2
wy =wit| 1+ <Z> (6.3)
ZR

Where a is the fibre core radius, V is the V-number (which for SMF is zmg\NA) ), Z is the
gap between the top chips, Zr is the Rayleigh length and NA is the numerical

aperture.
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Assembly Label Wavelength Fabricated On Z Offset Parallel Offset
(nm) (nm) (pm)

1 515 MicroAce3 475 14.4

2L Graticule 515 MicroAce3 20.7 25.5

2R Graticule 515 MicroAce3 20.7 26.3

3R 1550 DAD 3430 60 180

3L 1550 DAD 3430 60 180

TABLE 6.1: Table displaying notable alignment test results of the assembly.

The early assemblies were based on T-shaped designs rather than n-shaped designs.
These assemblies performed very poorly, with most failing to transmit any optical
power across the 20 pm gap. The assemblies suffered from constant misalignment
during fabrication due to the layers tilting, since the fibre weighed more than the
array sections. As a result, the decision was made to fabricate Assembly 1 using the
n-shaped design. This approach was a partial success, achieving a parallel offset of
14.4 nm. However, the Z-offset target of 500 um was not met, being 25 um off. The 500
pm Z-offset target was to minimise concerns about blade sidewall wear during
singulation, which caused a V-shaped cut, resulting in the two halves touching in the
middle and leading to significant misalignment. The unusual sidewall wear was due
to hardness of silica compared to the relatively soft resin blades. the To mitigate this
issue, new harder wearing nickel blades with #5000 grit were purchased and used

with later work.

The MicroAce3 was calibrated according to the precision graticule (discussed in
Chapter 3) and Assembly 2 was fabricated. L and R represents direction of the light
propagation through the array. This instantly performed well, with a 25 pm parallel
offset and the new dicing blades allowed singulation of the the Array with high
perpendicularity, as indicated by the 20.7 pm Z-Offset. This was a promising test
result, and the choice was made to test the platform on the DAD 3430 dicing saw,
which is specified to a better straightness, allows more blade choices, and is a stiffer

machine, allowing for theoretically more consistent machining.

After some test assemblies, Assembly 3 was fabricated. The alignment on this was
worse than the best MicroAce3 results, with a parallel offset of 180 um, representing
an increase of over 7x. This was a surprising result, and despite multiple further
assemblies, the performance did not improve. The precision graticule did not fit under
the DAD 3430 camera, so an alignment wafer was made on the MicroAce3 as
reference, but this did not improve the resulting platform. The reasoning for this was
theorised to be a combination of the rotation stage being imprecise and the typical
process flow for a dicing machine is to be aligned to existing features, which do not

exist here. The next experiment shall address this.
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6.6 Assembly V vs U

The aim of this experiment was to compare V-Groove and U-Groove alignment
tolerances and to verify the DAD 3430s’ rotation stepper accuracy. The designs were
nearly exactly the same as the previous section, with three key differences, the first
was that an array of fibres was coupled, instead of one. This was to test the uniformity
of the machined grooves over multiple cuts with two different blades, as well as to
further test the repeatability of the introduced methodology. A silicon wafer was used
with a UV transparent lithium niobate cap. The silicon was far softer to machine than
the silica, and so provided the best case scenario for machining with a current
state-of-the-art machine. The lithium niobate was chosen to allow for the glue to be
cured through the cap, enabling sufficient fixing of the assembly components for the
singulation step and further assembly stages. The lithium niobate and silicon
combination was also softer than silica allowing for smoother trenches and less form

deviations arising from blade wear.

A 60 degree custom V-blade was obtained from DISCO for this research. A standard,
flat dressed square blade was used for the U-grooves. The kerf was specified for both
blades to be 115 um for the purpose of fibre setting, and the depth of cut was
calculated to be 38 pm minimum for the U-groove fab to prevent the bottom of the
fibre touching the base and causing misalignment. The depth of cut should ideally be
set to minimum, since cutting into a wafer has been seen to cause warpage due to
stress relief, so to retain as much stiffness as possible the target depth of cut was set to
50 pm on both blades.

Two devices were fabricated, a U-groove assembly and a V-Groove assembly. 10 fibre
arrays were aimed for, however, due to difficulties of fixing all the fibres in place, this
was reduced to a 3 fibre array. This could be addressed in the future with more
engineering. The devices were fabricated and then the rest of the steps were the same
as discussed in section 6.4. Before construction of the array, the layers were profiled by
the confocal scanner post-dicing to provide information on the straightness and
rotational limits of the DAD 3430. After construction, the throughput’s were
measured, with the results discussed in the next section.

6.6.1 Assembly Results

First, the transmission results are in Table 6.2. The transmissions clearly show that two
array halves have twisted significantly. The Z-Offset measurements confirm this,

however, this is hard to measure due to the focusing the microscope through the array.
Despite this, the parallel offset equations were still used just to compare with the prior

work. The V-Grooves were more consistent with their performance, with a gentler
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. Wavelength PowerIn Power Out Z-Offset . Parallel Offset
Chip Approximation
(nm) (mW) (mW) (pm)
(pm)
U 1550 18 2.76 59 131.3
18 0.21 43 202.3
18 0 28 NA
A\ 1550 18 0.61 26 176.4
18 0.94 20 164.7
18 1.86 18 144.4

TABLE 6.2: Table displaying the results of the V-Groove vs U-Groove transmission
tests. NA represents sufficient mode to mode offset that no coupling was possible.

twist; however, this was still poor, with parallel offsets varying from 131 pm to
undefined. This is no significant improvement over the previous work, however, the

confocal scans were still analysed.

The parallelism of the V-Groove and U-Groove array components is displayed in
Table 6.3. The RMS deviation of the middle of the cut from nominal position and the
end to end fitted slope deviation of the cut from the first cut are displayed. The
V-Groove has slightly worse RMS deviation than the U-grooves, however, is still
sufficient for the alignment, being that on a local scale, it is still going to be better than
this. The end to end deviations are also fantastic, being 0.111 pm and 0.161 pm on
average. The end to end parallelism is extremely consistent, with minimal deviation

from the mean. This rules out the array being the cause of the assembly misalignment.

The "n” passive alignment features were analysed for rotation errors. The
misalignment error of the angles displayed in Table 6.4, and the resulting offset at the
end of the chip have been calculated and tabulated in Table 6.4. The base-plate
features have very good rotation errors, being 0.01° and 0.03° resulting in minimal
deviation; however, the array undersides (marked as Top) have significant rotation
misalignment of 0.37° and -0.32°. This results in having fibre offsets of 31 pm and 23
pm respectively at the end of the lengthwise grooves. This is certainly the reason why
the DAD machined assemblies did not fit together, as the total offset is double those

values, causing complete misalignment.

The cause as to why the misalignment between the Base and Top pieces is unclear,
since the grooves are machined at the same time, pre-singulation, so the expectation
was that they remain the same angle. Unfortunately, this is clearly not the case. Due to
time constraints, this was not investigated, however, it is theorised that this is due to
the forces on the chuck, causing varying amounts of backlash of the rotation stage. The
results of Chapter chapter 4 also suggest using a shallow square blade at the minimum
depth to seat the fibre, however, this may also cause issues with blade engagement.
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V-Groove Assembly
Trench RMS Deviation (um) Slope Variation (pm)
1 1.114 0.000
2 1.207 0.032
3 1.181 -0.016
4 1.089 0.381
5 1.068 0.164
6 0.972 -0.046
7 1.028 -0.100
8 0.936 0.004
9 0.920 -0.053
10 0.981 -0.315
Absolute Mean 1.049 0.111
StdErr 0.031 0.057
U-Groove Assembly

Trench RMS Deviation (um) Slope Variation (pm)
1 0.629 0.000
2 0.691 -0.029
3 0.690 0.041
4 0.715 0.163
5 0.675 -0.048
6 0.734 0.526
7 0.703 0.309
8 0.511 0.065
9 0.768 0.273
10 0.684 -0.159
Absolute Mean 0.680 0.161
StdErr 0.022 0.065

TABLE 6.3: Table of the RMS deviation from the nominal position and end to end slope
variation relative to the first trench.

1 ~N 2

4\ L/

FIGURE 6.6: Diagram displaying the angles discussed in Table 6.4.
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V Base Misalignment (°) Offset (um) Error (um)
1 0.0330 0.248 0.050
2 0.0327 0.244 0.079
3 0.0326 0.243 0.147
4 0.0324 0.239 0.277
VTop Misalignment (°) Offset (um) Error (um)
1 0.370 31.1 0.292
2 0.369 31.1 0.213
3 0.370 31.1 0.019
4 0.370 31.1 0.486
U Base Misalignment (°) Offset (um) Error (um)
1 0.0135 0.0418 0.402
2 0.0135 0.0417 0.386
3 0.0134 0.0411 0.044
4 0.0134 0.0411 0.027
UTop Misalignment (°) Offset (um) Error (um)
1 -0.318 23.0 0.0231
2 -0.318 23.0 0.0614
3 -0.318 23.0 0.0240
4 -0.318 23.0 0.0602

TABLE 6.4: Table of alignment errors in the assembly measured by the confocal probe,
1-4 represent the positions drawn in Figure 6.6.

6.7 Swansea SWIFT Trap

As part of a collaboration with Dr James Bateman at the University of Swansea, the
standing wave optical trap was developed using the principles discussed previously.
The SWIFT trap is a standing wave optical trap, consisting of 3 pairs of fibre, in a
hexagonal platform. The fabrication of the trap consisted of milling and dicing. The
design of the SWIFT trap allows concurrent validation of the assumptions about the
machined U and V-grooves, being that the U-Grooves have better machining
tolerances than the V-Grooves.

6.7.1 Fabrication

To compare the V with the U, two hexagons were fabricated in three main steps,
illustrated in Figure 6.7. Two hexagons were singulated out of a silicon wafer. 3
U-Grooves and V-Grooves are machined in each wafer respectively, perpendicular
and central to each of the flat sides. The U-grooves were machined in a single pass
whereas the V-Grooves were machined with two passes, the first with a narrow flat
blade, the second with a V-Groove. This was done to minimise tip wear on the custom
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FIGURE 6.7: Schematic of the Swansea SWIFT trap fabrication process. a) A hexagon
is singulated out of a silicon wafer b) U-Grooves or V-Grooves are machined into the
surface c) A hole is milled in the middle for trapping purposes.

blades for further work. The rotation was carried out programmatically by DAD 3430.
Finally a 3 mm hole was milled in the middle of the hexagon, where the grooves cross
by Dr Paul Gow. The U-groove unit was shipped off to Swansea for further validation

and results are promising.

6.7.2 Comparison of V- & U- Grooves

The experimental setup is illustrated in Figure 6.8, and an image is shown in

Figure 6.9. A 10 mW 1550 nm Santec TS110 source is fed through a fibre 3dB (50:50)
splitter to create a reference and signal fibre. This is to take into account the source
power variation. The reference is coupled to a power meter. A length of SMF28 is used
as the signal fibre. Patch ends are spliced onto the ends of the SMF28 length, of which
the latter half is partially wrapped round a 12.7 mm diameter post to minimise the
cladding modes. Power transmission through both the signal and reference fibres are
recorded over a 10 second average. This resulted in a throughput ratio of 1.07364,

which was used later to compensate for the power variation of the source.

The active fibre was cleaved, and the ends are placed into Fujikira clips. These were
magnetically positioned into a translation stage, that is in turn mounted on a base
plate at the required angles and approximately the right spacing. The fibre flexibility
over such a distance allowed a weight to be placed onto the fibres to passively locate
them within the diced grooves. This setup provides precise control of the lateral
position of the fibres in the grooves, as displayed in Figure 6.9. A drop of refractive
index oil (n = 1.46) is placed to eliminate air-gaps between the optical fibres. The fibres
are butt-coupled against each other and the 10 second average reference and trap
powers were recorded. This was repeated 3 times per numbered pair and was

performed for each of the pair combinations.
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Reference
Power Meter

Santec 10 mW
1550 nm source 3 dB splitter

Translation Stage
with Fujikira Fibre Clip

Signal
Power Meter \
V
5

I 4 Machined U or V Hexagon

FIGURE 6.8: Schematic of the Swansea trap U-Groove vs V-Groove comparison setup.
The numbers indicate the entry/exit pair of the butt-coupled fibre.

FIGURE 6.9: Photo of the Swansea swift trap alignment rig. The left and right power
meters are the reference and signal fibres respectively.
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The signal to reference ratio recorded earlier was used to correct for the power
variation of the source, and then the transmission efficiency calculated. Considering
that the fibres are butt-coupled, the parallel offset equation is simplified to

Equation 6.4. Other assumptions made are that the cleave is perfect, no fibre angular
misalignment and that the fibre is perfectly concentric.

Ax = \/w?Iny (6.4)

Where;

1.619 2.879

Where a is the fibre core radius, V is the V-number (which for SMF is ZH"S\NA) ).

The experimental results are in Table 6.5. There was a noticeable difference between
the V and U-Grooves. The U-Grooves have a third better parallel offset with their
correspondingly improved transmission throughput. This result proves that
physically machined U-Grooves are more performant and have a better defect
tolerance than the V-Grooves. An improvement of transmission of 2% has been found
by simply changing the blade shape from a V to a standard, cheaper square blade and
changing the depth of cut. This data indicates 300 nm better alignment, almost 30%, in
the alignment of fibre to fibre accuracy, which represents a significant improvement.
This highlights the fibre misalignment error inherent due to wear of the blade during
machining, whereas the U-Groove fibre misalignment is uncoupled from the blade
wear rates due to the negligible sidewall wear.

Flb.re U-Groove V-Groove
Pair

Coupling Parallel Coupling Parallel

o StdErr Offset StdErr o StdErr Offset  StdErr
Efficiency Efficiency
(um) (um)

1->4 | 0.990 0.001  0.524 0.009 | 0.972 0.006  0.868 0.103
2->5 | 0.988 0.001  0.566 0.034 | 0974 0.003  0.853 0.047
3->6 | 0.984 0.003  0.667 0.072 | 0.958 0.007  1.079 0.088
4->1 | 0.985 0.003  0.649 0.018 | 0.969 0.005  0.931 0.072
5->2 | 0.987 0.001  0.594 0.042 | 0.972 0.004 0.883 0.064
6->3 | 0.980 0.002  0.741 0.059 | 0.962 0.006  1.026 0.090
Mean | 0.987 0.002 0.624 0.039 | 0.968 0.006  0.940 0.077

TABLE 6.5: Table displaying the butt-coupled U vs V groove fibre transmission results.
Due to the assumptions made, the parallel offsets are the upper bound, and the true
offset may be better.
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6.7.3 Conclusions

In this chapter, a novel assembly enabling 3D alignment of multiple components on a
base plate has been proposed utilising optical fibre and deterministic machining. A
fibre array split in half, then reassembled onto a base-plate with a target gap of 20 was
used as the test component, with a target fibre to fibre accuracy of < 0.5 ym. Multiple
test assemblies were constructed, with the most performant achieving an offset of
about 14 pum. This was not optically performant, and was fabricated on the
MicroAce3, a less precise and less stable machine than the DAD 3430, hence was a

surprising result.

Topological scans were performed utilising the confocal scanner on the most recent
DAD 3430 diced alignment, and have highlighted an issue with variation on angle
due to different lateral cut positioning. Locally close and parallel cuts are parallel with
well below sub micron variation of the midpoint, however, when it comes to two
batches of grooves machined with a substantial (10s of mm) offset from one another,
there is an angle misalignment of up to 0.37°. This results in a groove misplacement of
30 pum on either of the lengthwise grooves, causing a twisting of plates to occur. This
twisting action and the interplay of the components with low friction resin glues
would explain the minimal lack of success. It is theorised that this is backlash caused
by the DAD 3430 rotation stepper and stresses of the blade acting on the chuck. In
order to resolve these issues for photonics, the next generation dicing machines
should have more accurate and stiffer rotation mechanism. Also to reduce machining
errors due to wafer warp, some sort of on-machine topographical scanning of both the
wafer chuck and the workpiece is required to self-correct the machining positions
with fine control over the height of the blade. All of these issues are theoretically
solved by the UPROAR project and the recommendation is that these assembly tests

are performed on that new machine.

U-grooves and V-Grooves have been compared, with a significant improvement in the
machined consistency observed in the U-grooves, arising from the decoupling of the
U-Groove shape from the blade wear assuming a sufficient depth, whereas a
V-Groove is not decoupled and any wear would change the alignment. A 30%
improvement has been obtained in unsupported fibre to fibre alignment over an
unsupported gap of 3 mm, highlighting the deterministic machining capability of

U-Grooves, resulting in a 2% more coupling efficiency.
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Chapter 7

Conclusion & Outlook

This conclusion chapter will summarise the experimental chapter conclusions and

then detail any future work recommendations.

In Chapter 3, a bespoke topographical tool was designed and developed around an
Aerotech ABL9000 translation stage and a confocal chromatic probe. The system was
validated using a precision graticule. The systems’ purpose was to measure the
straightness of machined features, a key parameter that has not been discussed in the
literature previously within the context of ridge waveguide fabrication. As the system
also provides highly accurate topographical maps of features, this tool has been

utilised extensively in later chapters.

Chapter 4 discussed the long-term evolution of physical machining in lithium niobate,
comparing two depths of cut (50 and 100 um) and two blade shapes (round and
square) as starting conditions. All of the conditions, except for the 50 ym deep square
starting condition, ultimately converged towards the same depth, with the 50 pm
deep square wearing linearly, highlighting a stable condition. The square blades
proved to be the most stable, producing a more consistent form throughout the
cutting distance, making them more suitable for ridge waveguide fabrication.
Notably, the initial blade conditions had long-term effects on form, surface roughness,
and chipping, despite the blades trending towards similar shapes within the first
metre of cutting. This chapter also tested the hypothesis that the minimum blade wear
rate corresponds to minimum surface roughness. This was found to be false; however,
clear regime changes in lithium niobate and silicon were discovered, with low surface
roughness overlapping regions of low blade wear rates. A minimum feed rate of 1
mm s~ ! was determined for silicon with the specific RBT-6084 blade model, however,
silicon exhibits anisotropic hardness due to crystal plane orientations. Further
investigation is required to determine whether this anisotropic hardness has an effect
on the machining parameters. Further work is also required to understand the

underlying causes of these regime changes and to achieve deterministic machining.
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Factors to study include the effects of different blade binders and a wider range of
blade parameters in various materials, as different wear and surface roughness
correlations are highly likely.

Chapter 5 directly compared ridge waveguides machined with 100 and 300 pum kerf
blades, targeting the improvement of SHG performance in 1064 to 532 nm non-linear
conversion. A notable average conversion improvement of 226% for the 300 pm over
the 100 um kerf machined ridges was observed. The investigation highlighted the
significantly improved width uniformity as the primary cause of the improvement in
optical performance, due to the superior stability of the wider blades. No significant
changes in surface roughness and top-side chipping were found. Cut straightness
measurements identified heavy curvature of up to 1.2 pym. One-off blade curvature
has been eliminated by switching blades and performing multiple cuts. Instead, it is
hypothesised to be due to bed curvature, bed mounting, or torque caused by the
dicing blade. Further investigations should examine wafer curvature, bed flatness,
blade curvature, and stage-to-spindle squareness in more detail for better machining
of grooves and more uniform ridge waveguides, enabling significant improvements in

optical conversion efficiencies.

Chapter 6 proposed and explored a novel 3D assembly enabling 3D alignment of
multiple components, utilising deterministic machining of U-Grooves and optical
fibres as a dowel component. The most successful assembly achieved a lateral offset of
< 14 pm, significantly beyond the < 0.5 um target. This was investigated using the
confocal probe scanner discussed in Chapter 3, which highlighted a rotation error
between two pairs of parallel cuts of up to 0.37°, a surprisingly significant value. This
is sufficient to explain the poor performance of the assemblies. However, while it is
hypothesised to be caused by inconsistent backlash on the rotation stepper of the

dicing machine, this has yet to be confirmed.

Chapter 6 also compared U-Grooves and V-Grooves, with a notable improvement in
the machining consistency of the U-Grooves, arising from the decoupling of the
U-Groove shape from blade wear, assuming sufficient depth. A 30% improvement in
unsupported fibre-to-fibre alignment over an unsupported gap of 3 mm was
discovered, highlighting the deterministic machining capability of U-Grooves,

resulting in a 2% increase in coupling efficiency.

To summarise the future work recommendations, to resolve these issues and
achieve deterministic machining of brittle materials, the next generation of dicing
machines should feature a more accurate and stiffer rotation mechanism, lower feed
rate capabilities, and on-machine metrology. To reduce machining errors due to wafer
warp and bed errors, some form of on-machine topographical scanning of both the
wafer chuck and the workpiece is required, allowing for automatic correction of the
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machining positions with fine control over the height of the blade. The research
project UPROAR (Ultra precision machining of optoelectronics and microsystems -
EPSRC EP/W024772/1) is targeting all of these issues with the aim of enabling fully
deterministic machining and further exploration of the capabilities and limits of

physical machining with dicing saws.

Further work is also required on blade and machine parameter studies for all of the
optical materials of interest, preferably on a next-generation machine with the features
discussed previously to minimise the effects of bed, wafer, and track variation. A
more extensive combination of the experiments discussed in Chapter 4 (i.e. the feed
rate tests for different depths of cuts, and a more detailed parameter for blade wear)
are needed for a true understanding of the blade and material interactions, enabling

fully deterministic machining of photonic materials.

These improvements would enable the mass production of photonic components with
accurately placed, smooth, and chip-free surfaces, without the need for physical
verification steps, significantly reducing manufacturing costs and time. They would
also allow highly efficient ridge waveguides to be fabricated in any optical material
with the appropriate blade, enabling a wide range of wavelengths to be targeted for
photonic, non-linear, and quantum applications. All of this would finally enable the
passive alignment of multiple complex free-space components onto a single substrate

with high precision and repeatability; i.e. multiple atom or ion traps on one substrate.
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