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The thesis describes work using a femtosecond laser to fabricate high precision
microstructures as multipurpose 3D OCT calibration phantoms that can be used to
quantitatively characterise and calibrate across different OCT systems. The research
has been focused on three areas in developing the OCT calibration phantom - laser
power characterisation, fabrication optimisation and novel multipurpose OCT phantom
development and phantom application.

For the laser power characterisation process, a detailed in-depth study was performed
investigating the correlation between laser power and inscription size. Test phantoms
were inscribed with different laser pulse energies. The results showed that with
increased laser pulse energy, both the linewidth and the cross-inscription height were
increased. The critical power of self-focusing was exceeded when the laser power was
around 63% of the total laser average output power. As the non-linear effect caused
unexpected control of the inscription size along the axial direction, a laser power range
below the self-focusing threshold was selected to inscribe the phantoms which was still
enough to extend the design to reach greater depths.

The phantom fabrication optimisation with a layer-by-layer inscription method has
allowed inscriptions at a greater depth up to 2mm whilst keeping the inscription size
uniform and consistent for all depths. For the inscription method, the laser power was
reset at beginning of the inscription for each layer which allowed a customised option to
be made to get the desired inscription size that can be kept consistent and uniform for
all depths.

In order to address the challenges of inscribing non-planar samples, a series of
multipurpose of OCT phantoms were designed and fabricated. A non-planar phantom
was initially proposed that comprised of a grid-like pattern inscribed inside a plano-
convex lens as the planar side provided a standard non-distorted image and the curved
side provided a distorted image which can be used to detect the scanning errors and the
post-processing algorithms of the OCT system for distortion correction. However, the
grid-like pattern required a highly degree of alignment under the OCT system.
Subsequently, a circle-like pattern was proposed to overcome this angular issue with a
landmark layer consisting of a series of radial lines inscribed at the top of the test pattern
to guide the location.

To investigate the impact of OCT image distortion, a planar phantom was designed and
used as a reference to correct the distortion due to the scanning errors caused by the
OCT system itself. With a known reference, a phantom-based distortion correction
method is possible with the reduction of the scan spacing error by 82% which extends
the potential use of the OCT phantoms beyond a qualitive measurement tool.

Keywords: optical coherence tomography (OCT), femtosecond laser inscription, OCT
calibration phantom, femtosecond laser direct writing, OCT image distortion correction
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the phantom with four patterns indicated; (b) the cross-sectional view for both the current
design and the previous design to demonstrate the difference in inscription depth.- 113
Figure 5-2. lllustration of the previous fabrication process: (a) the inscription writing
direction on the X-Z plane for one slice where L1- L8 indicating the layer number at
different depths; (b) the writing process for a structure. Note the red arrows signify stage
movement between each slice without inscription, black lines signify inscription and
green arrows denote stage movement within a slice without inscription. .............. -115 -
Figure 5-3. Patten design structure of the point spread function (PSF) phantom: (a) the
layer pattern on the X-Y plane with index lines and test pattern area indicated; (b) cross-
sectional profile of the phantom pattern showing the parameter settings; (c) 3D pattern
structure showing every dimension of the pattern. .........cccccccvviiiiiiiin, -118 -
Figure 5-4. lllustration showing the new fabrication method with the writing direction,
index lines, and test layer pattern indicated. In the diagram, the black solid line was used
to indicate the writing direction and the red dashed line was used to indicate the moving
direction. In the real fabrication, 8 layers had been inscribed rather than 4 layers shown
in the diagram for the illustration pUrPOSES. .....ccccciieiiiiiiis -119 -
Figure 5-5. Patten design structure of the sensitivity phantom: (a) the layer pattern
showing the first 4 test sets on the X-Y plane with index lines and test pattern area
indicated; (b) cross-sectional profile of the phantom pattern of the first 4 test sets showing
the parameter settings; (c) 3D pattern structure of the first 4 test sets showing every
dimension of the pattern. Please note, there were 6 sets included in the real design and
the fabriCatioN. ... -121 -
Figure 5-6. Patten design structure of the lateral resolution phantom: (a) the layer pattern
showing the first 4 test sets on the X-Y plane with index lines and test pattern area
indicated; (b) cross-sectional profile of the phantom pattern of the first 4 test sets showing
the parameter settings; (c) 3D pattern structure of the first 4 test sets showing every
dimension of the pattern. Please note, there were 10 sets included in the real design and
the fabriCatioN. ... -124 -
Figure 5-7. Patten design structure of the distortion/grid phantom: (a) the layer pattern

showing the grid pattern on the X-Y plane; (b) cross-sectional profile of the phantom
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pattern showing the parameter settings; (c) 3D pattern structure showing every
dimension Of the PAttErN. .........eiiie e -126 -
Figure 5-8. The microscope image using a 5x objective lens showing the overall pattern
of PSF phantom. The line separation of 150.13um is indicated. ...........ccc.cc.......... -127 -
Figure 5-9. Microscope images using a 20x objective lens showing the linewidth
measurement for all eight layers (from (a) to (h)) of the PSF phantom with layer depth
and the linewidth indicated. With the varied laser power, the linewidth can be kept
consistently for all the layer depths, measured as 2.64um. ........ccccevvvvvevvieeeennnnnn. -128 -
Figure 5-10. The microscope image using a 5x objective lens showing the cross-
sectional profile of the PSF phantom: (a) the new phantom design has a larger layer
depth of 150um in apparent depth (AD), with the layer separation measured in real depth
(RD) as 219.84um and a total inscription depth of 1534.84um; (b) the previous phantom
design with a smaller layer depth of 50um (in AD), with the layer separation measured
in real depth (RD) as 72.39um and a total inscription depth of 508.04um............. -129 -
Figure 5-11. OCT images for the point spread function (PSF) phantom showing both (a)
the current design with a greater layer separation and (b) the previous design with
smaller layer separation in order to make a comparison and present the change in
design. Both the OCT images were taken by Optimec is830 SD-OCT system. The
measurement values indicated in the image are showing in real depth (RD)........ -130 -
Figure 5-12. The OCT image showing the pixel size (labelled in red square) compared
with the point size of the PSF phantom. This image also provides a close-up look for the
FADFICALION. .o -131-
Figure 5-13. The microscope images using a 5x objective lens showing the overall
pattern of the sensitivity phantom structure: (a) one of the test sets (Set 4); (b) one of
the INdeX liNE SELS (SEL4). ..uuuuuiiiiiiii e e e e e e e e e eeeees -133 -
Figure 5-14. The microscope images using a 20x objective lens showing the linewidth of
the inscription: (a) the linewidth of the third energy level pair (i.e. 11.6% of the laser
average output power) measured as 1.32um; (b) the linewidth of the highest energy level
pair (i.e. 100% of the laser average output power) measured as 6.92um. ............ -133 -
Figure 5-15. The microscope image using a 5x objective lens showing the cross-
sectional profile of the sensitivity phantom: (a) the phantom design with a larger layer
depth (150um setting for the layer separation) for set 3; (b) the phantom design with a
smaller layer depth (50um setting for the layer separation) for set 3; (c) the phantom
design with a larger layer depth (150um setting for the layer separation) for set 6; (d) the
phantom design with a smaller layer depth (50um setting for the layer separation) for set
SRR -135-
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Figure 5-16. OCT images for the sensitivity phantom showing both (a) the current design
with a greater layer separation and (b) the previous design with smaller layer separation
in order to make a comparison and present the change in design. Both the OCT images
were taken by Optimec is830 SD-OCT system. The measurement values indicated in
the image are showing in real depth (RD). .......ouvviiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeeeeee e -136 -
Figure 5-17. The microscope image of the lateral resolution phantom using a 5x objective
lens shows the overall pattern and the line separation variation for the set 3 and the set
o i1 g [T 0= 1 1= o o PP -137 -
Figure 5-18. The microscope image of the lateral resolution phantom using a 20x
objective lens to show the line separation variation (i.e. range from 21-30um) for set 3
with the measurement values labelled in the image. ...........oooevvveviiviiiiiiiiiiieiiennnnn, -138 -
Figure 5-19. The microscope image of the lateral resolution phantom using a 5x objective
lens to show the cross-sectional view of the pattern structure of set 2 and set 3: (a) the
current phantom design with a larger layer depth (150um in AD setting for the layer
separation) for both set 2 and set 3 with a total inscription depth of 1534.86um in RD;
(b) the previous phantom design with a smaller layer depth (50um in AD setting for the

layer separation) for both set 2 and set 3 with a total inscription depth of 508.03um in

Figure 5-20. OCT images for the lateral resolution phantom showing both (a) the current
design with a greater layer separation and (b) the previous design with smaller layer
separation in order to make a comparison and present the change in design. Both OCT
images were taken by Optimec is830 SD-OCT system. The measurement values
indicated in the image are showing in real depth (RD). ......cccccooeeiiiinniiiiiiiiiinns - 140 -
Figure 5-21. The microscope image of the distortion/grid phantom using a 5x objective
lens to show the overall pattern with the measured cell size of 100.18um x 100.53um,
as indicated in the IMAJE. ........uuiiiiiiiiiiieeeeeeeeeeee e e e e -141 -
Figure 5-22. The microscope image of the distortion/grid phantom using a 20x objective
lens to show the detailed pattern with the measured cell size of 100.16um x 100.16um,
as indicated in the IMAJE. .......uuuiiiiiiiiiieeeeeeeeee e e -141 -
Figure 5-23. The microscope image using a 5x objective lens showing the cross-
sectional profile of the distortion/grid phantom: (a) the current phantom design with a
larger layer depth (i.e. 150um in AD setting for the layer separation) with the cell size
measured as 100.54um, the layer separation measured as 218.76um in RD and a total
inscription depth measured as 1534.84um; (b) the previous phantom design with a
smaller layer depth (i.e. 50um in AD setting for the layer separation) with the cell size
measured as 100.54um, the layer separation measured as 72.39um and a total
inscription depth measured as 509.39UM. .......ccccoiiiiiiiiiii -142 -
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Figure 5-24. OCT images for the distortion/grid phantom showing both (a) the current
design with a greater layer separation and (b) the previous design with smaller layer
separation in order to make a comparison and present the change in design. Both the
OCT images were taken by Optimec is830 SD-OCT system. The measurement values
indicated in the image are showing in real depth (RD). ......ccccccoeeiiinniiiiiiiiiinns -143 -
Figure 6-1. Conceptual drawings of the OCT phantom pattern: (a) the view from the top;
(b) the view from the Side.........coooviiiiiiiii . -148 -
Figure 6-2. (a) Microscope image using a 5x objective lens from the planar side of the
phantom, (b) the OCT phantom grid pattern cell size measurement using a 20x objective
lens and giving the cell size of ~100um x 100um, (c) the view from the curved side of
L1013 o] 0= 1] (o ] o ¢ TR PP - 149 -
Figure 6-3. Microscope measurement points on the plano-convex lens................ - 150 -
Figure 6-4. Comparison of design parameters and measured values from the optical

microscope of the OCT phantom design. Measurements are all based on apparent depth

Figure 6-5. OCT images obtained from (a) the Optimec is830 system with a scan size of
~ 12mm x 5.6mm and (b) Thorlabs Ganymede SD-OCT system with a scan size of ~
4mm x 1.9mm for comparison with design parameters and between OCT systems with
=TT o] ¢= 11T 1 PP -1562 -
Figure 6-6. OCT image taken from the curved side (by using the Thorlabs Ganymede
SD-OCT with a central wavelength of 930nm and an axial resolution of 5.8um) .. - 153 -
Figure 6-7. OCT image taken from the curved side (by using the Optimec is830 system
with a central wavelength of 830 nm and an axial resolution of 12um) ................. -154 -
Figure 6-8. The alignment requirement for the grid-like phantom: (a) Top-view of the grid
pattern phantom with red lines indicating aligned scanning position; (b) Top-view of the
grid pattern phantom with red lines indicating misaligned scanning position......... - 155 -
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Figure 6-12. (a) Microscope image using a 5x objective lens taken from the planar side

of the phantom; (b) microscope image using a 5x objective lens taken from the curved
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side of the phantom; (c) microscope image using a 20x objective lens taken from the
planar side at the 5th layer (at 752.485um in AD below the planar surface) showing a
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Chapter 1
Introduction

Optical coherence tomography (OCT), first demonstrated in 1991 by David Huang, is a
3D imaging system which can provide non-invasive high-resolution real-time in-vivo
images [1]. It is analogous to the ultrasound scan, although instead of the sound, it
utilises the light [1, 2]. OCT techniques and systems have been intensively used in areas
such as ophthalmology to help in the diagnosis of the retinal diseases [2-4] and

dermatology for the diagnosis of skin diseases [5-7].

With the unique resolution range (i.e. 1-15um) and penetration depth (i.e. 2-3mm)
benefits offered by OCT imaging systems [2], enabling a deeper penetration depth
compared with confocal microscopes and a higher resolution than ultrasound, which
makes the OCT technique very unique for optical imaging as it can optimise both the
scanning depth and imaging resolution [8]. Besides, OCT can be performed with no need
to have physical contact to the sample or tissue, which provides a possible solution to
scan especially when the standard biopsy is hazardous or impossible [2]. Potentially,
OCT can also be considered using as a surgical guiding device as it provides a real-time
3D imaging [2], which has been proven to be a very useful tool for medical diagnosis

and clinical management [2].

Currently, there is no standard available to be used to calibrate and compare the
performance between different OCT systems used across the world. An optical device
(so called OCT phantom) that can be used as a calibration tool and acting as a 3D optical

ruler is therefore needed and to act as a reference point among different OCT systems.

An OCT phantom can be used to assess various performances of the OCT system such
as point spread function (PSF), resolution, sensitivity, distortion and being able to
qualitatively and quantitatively measure the system. It is useful and important when
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developing the OCT system and validate a new built OCT system as well as comparing

across different OCT systems.

A widely used 1951 USAF resolution testing target is used for the microscope optical
resolution testing but it is only a two-dimensional (2D) test device. For the OCT system,
as it can provide a depth profile of the sample, a 2D test target will no longer satisfy the
needs as it fails to provide the depth information. Hence, a three-dimensional (3D) test

device is needed for the purpose of the OCT system calibration.

To date, there have been various research works investigating OCT phantom fabrication.
Several methods of fabricating OCT phantoms are presented and reviewed. The
rationale behind the creation of an OCT phantom is that a universally accepted standard

is required to assess, calibrate and compare different OCT systems [9-13].

Tomlins et al. created a PSF phantom by doping a clear epoxy resin with a low density
of nanoparticles (i.e. mono-dispersed silica micro-spheres) [14]. The theory asserts that
it can be used to characterise both the axial and lateral resolution with PSF widths of
less than 7um by using 1um spheres [14]. However, it has been mentioned that the
limited access to the raw data hinder widespread adoption [14]. Similarly, Agrawal et al.
created a PSF phantom by embedding nanoparticles (i.e. gold-silica nanoshells) into an
optically transparent medium, with resultant phantoms exhibiting a sub-micrometre
spatial resolution [15]. However, the results exhibited some uncertainty due to the

occasional aggregation of the particles and also the imperfections of the silicone [15].

Compared with those methods mentioned previously, Bykov et al. presented a different
way for making OCT phantoms. The process involves making a skin phantom by using
polyvinyl chloride-plastisol (PVCP) with titanium dioxide (TiO2) powder and light-
absorbing plastic ink used to introduce the scattering to the phantom [16]. However, the
durability and the accuracy of the phantom is questionable, as the process involves

estimated optical properties [16].

Kennedy et al. demonstrated a method to create a novel tissue-mimicking biocompatible
phantom based on a fibrin matrix made of the mixture of fibrinogen and thrombin [17]. It
has a short fabrication time (e.g. 30 minutes) [17] compared with other phantoms.
However, further investigation on the scattering properties of such phantoms is needed

due to the variability in measurement results shown by OCT systems [17].

Similarly, Curatolo et al. presented tissue-mimicking phantoms (shown in Figure 1-1)

fabricated from a silicone matrix and titanium dioxide additive by employing a
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lithographic casting method [18]. In this study, two phantoms were fabricated: one has
no scattering elements; and one with scattering elements for comparison [18]. However,
the fabrication procedure requires carefully manufactured frames and the lifetime is

expected to be approximately 2 years [18].

Figure 1-1. Tissue-mimicking phantom presented by Curatolo et al., which the phantom
was fabricated from a silicone matrix and titanium dioxide additive by employing a
lithographic casting method [18]. This image is [reprinted/reproduced] with permission
from [18] © The Optical Society.

A retina-simulating phantom was created by Baxi et al. with a fabrication process
involving layer-by-layer spin coating of nanoparticle embedded silicon which was
finished with a laser micro-etching procedure [19]. Measurement results have shown
that there is a disagreement presented on the measurement of the total retinal thickness

(TRT) and there is an obvious discrepancy on the measurement of the profilometry [19].

Corcoran et al. fabricated a wide-field phantom eye (shown in Figure 1-2) by employing
3D printing technology [20]. It is designed via 3D drawing software and each layer is 3D
printed by using photo-polymerisation with sequential row deposition of multiple
materials before UV curing [20]. The measurement results show that both the resolution
and accuracy of 3D printing are not sufficient when measuring the low transverse
resolution as the phantom shows an irregular surface at larger field angles [20]. This
study has shown an innovative method of fabricating OCT phantoms by using 3D printing

technology.
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Figure 1-2. A wide-field phantom eye presented by Corcoran et al., which the phantom was
designed via using a 3D drawing software and each layer was 3D printed by using photo-
polymerisation with sequential row deposition of multiple materials [20]. This image is
[reprinted/reproduced] with permission from the publisher [20] under the terms of the
Creative Commons CC BY license.

It can be noticed that all of these methods require multiple steps in the fabrication
process. Moreover, the stability, accuracy and lifetime of OCT phantoms are still

challenging to the adoption of phantoms as a comparison and calibration tool.

An innovative method using femtosecond laser micro-inscription techniques to fabricate
test phantoms has been explored by Tomlins et al [9]. In this study, a PSF phantom was
created on a clear fused silica substrate which consisted of a regular series of line
defects with different pulse energies and depths. The phantoms were utilised to evaluate
the visibility under an OCT system [9]. This method enables the accurate positioning of

the defects and it shows the possibility of a highly repeatable fabrication process [9].

The use of the femtosecond laser micro-inscription techniques has been further
investigated by numerous researchers. Lee et al. inscribed four unique patterns
(including PSF, sensitivity, lateral resolution and distortion) on fused silica substrate to
measure various the parameters of an OCT system [21]. Quantitative methods still
needed further development in order to measure the performances of the OCT system
[21]. Sandrian et al. demonstrated a method using the combination of the femtosecond
laser inscription and nanoparticle embedded resin to fabricate the phantom (shown in
Figure 1-3) [22] where the sample was precisely etched using a femtosecond laser with
a series of lines in depth inscribed with varied pulse energy and translation speed after
the nanoparticles were added into the resin. However, the phantom was limited in terms

of the inscription depth [22].
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Figure 1-3. OCT phantom presented by Sandrian et al., which the phantom was fabricated
by using the combination of the femtosecond laser inscription and nanoparticle
embedded resin where the nanoparticles was firstly added into the resin and then using
a femtosecond laser to precisely etch a series of lines in depth with varied pulse energy
and the translation speed [22]. This image is [reprinted/reproduced] with permission from
the publisher [22].

Different methods of making OCT phantoms have been reviewed. It can be seen that
nanoparticle embedded methods have disadvantages in terms of the consistency and
stability in the phantom fabrication process. Moreover, the accuracy of using phantoms
to test OCT systems is still questionable. However, the use of femtosecond laser
inscription on a transparent media (i.e. fused silica substrate) has shown a highly
repeatable method to accurately reproduce the phantom. Hence, it is a potential area for

research and will be discussed in further detail in the next section.

The rationale for this project is based on the fact that there is currently no standard used
to calibrate or compare the performance of an OCT system. As the previous literature
[10, 21, 22] showed the femtosecond laser direct writing process enable a highly
repeatable and accurate fabrication process, it leads to the main research question of
this project to further research how femtosecond laser machining techniques can be
utilised in the creation of OCT calibration phantoms and whether these artefacts can fulfil
the purposes that can be used to calibrate and assess the performance of different OCT
systems. Therefore, the aim of this work is to design novel OCT calibration phantoms
using the femtosecond laser inscription process that the phantom can be used to

quantitatively characterise and calibrate across different OCT systems.

To enable to reach the aim, the following objectives need to be fulfilled. First of all, a
further investigation on femtosecond laser fabrication process is needed to understand
how the phantom to be made and to optimise the current fabrication process. Secondly,
as the existing phantom cannot fully fulfil the purpose as a multi-purposed calibration

phantom, such as not being able to detect the image distortion and validate the post-
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processing algorithms and an inability to test a broad range of OCT systems with differing
axial and lateral resolutions, the second objective for this project is to continue previous

work to develop new novel calibration phantoms that can fulfil those purposes.

Moreover, the third objective is to focus on the non-planar phantom development as the
OCT image distortion caused by the nature of the curvature structures needs to be
further investigated and a solution will benefit the accuracy of the OCT system.
Potentially, with using the phantom, a quantitative method on how to correct the image
distortion can be presented. In addition to this missing technology, there is also the
potential for such work to generate impact via the process of commercialisation to benefit

to those OCT end users.

1.1 Thesis structure

Here presents the thesis structure and brief summary addressing each individual chapter

with published conference and journal papers highlighted.

Chapter 2 This chapter presents the fundamental background theory behind the
research work and critically reviews and evaluates previous work to explore possible
directions for the research work on the development of OCT phantoms. First of all, the
physical mechanism of the femtosecond laser and material interaction are presented.
Secondly, the experimental considerations (i.e. polarisation, repetition rate, pulse
duration, writing geometry, aberrations and self-focusing) are investigated. Thirdly, OCT
basic principles are introduced, and different OCT systems and techniques are
compared. Key performance parameters of the OCT system and the issue of the image

distortion are highlighted.

Chapter 3 This chapter presents the details and specifications of the experimental
equipment and processes used for OCT phantom design, fabrication, characterisation
and calibration in this thesis. Firstly, the femtosecond laser system and the experimental
setup are presented, which includes a description of the laser head and optical
components along the beam delivery path in the system. Secondly, the workflow of the
phantom design and fabrication are described. Thirdly, the phantom substrate and
material considerations are introduced and studied. Moreover, a detailed description of
the sample alignment procedure when placing the substrate on the fabrication stage is
given. After the laser fabrication process, phantom characterisation using a microscope

and OCT systems is described. Finally, a study of the existing planar phantom, including
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the parameter settings, the fabrication process and characterisation process are

investigated.

Chapter 4 This chapter presents the research work for the study on the laser power and
the fabrication optimisation. The chapter starts with a brief introduction to discuss the
current issue and further improvements that needed on the fabrication process
optimisation. Then, the design and fabrication of a laser power test pattern are described,
which is used for the laser power study. Furthermore, a detailed study is presented on
investigating the correlation between the laser pulse energy and the inscription size
which includes the inscription linewidth study on the X-Y plane and the inscription height
study on the Y-Z plane. The findings from those studies directly contribute to
standardisation and optimisation of the phantom fabrication process. Finally, the
fabrication optimisation implemented on a revised design is presented to verify the

findings.

Chapter 5 This chapter presents work on the planar OCT calibration phantom
development. Firstly, a new fabrication method is introduced that is designed to optimise
the fabrication process. After discussing the fabrication approach, characterisation of the
new phantom design is presented which include both the microscope characterisation
and the OCT system characterisation. A detailed side-by-side comparison is made

between the previous design and the new optimised design to show the improvement.

Chapter 6 This chapter presents the research work on the development of a novel non-
planar OCT calibration phantom, which includes two published conference papers on
the first two non-planar OCT phantoms that were proposed to be used as a potential
multipurpose OCT system calibration tool. The first non-planar phantom was fabricated
and reported in 2018 at Photonics West conference, where the design was based on a
grid pattern to test the image distortion and was the first phantom demonstrated in a
non-planar (i.e. plano-convex) lens to prove the idea that a curved phantom can be used
as a self-referencing and comparison tool for OCT systems. The second non-planar
phantom was designed, fabricated and reported in 2020 at Photonics West conference,
which addressed alignment issues seen with the initial phantom due to the grid patterns
requiring a high level of alignment to the nearest 90° angle. The third non-planar
phantom was an upgraded version based on the same pattern design but with the layer
energy setting refined so that the inscription would show the consistency on layer
thicknesses for every single layer, and it also reduce the effect of the laser beam

filamentation. In addition, the results of an inscription attempted from the curved surface
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are given to illustrate the fabrication challenges with non-planar substrates and the

resulting distortion caused by the curvature of the lens.

Chapter 7 This chapter presents the OCT phantom application for detecting OCT
system scanning errors and provides a phantom-based method to correct the distortion
caused by such errors. The scanning mechanism of the OCT system is briefly introduced.
The phantom design, fabrication and characterisation are then presented. The image
analysis and correction methods are described to indicate the use of the OCT phantom

to detect the system scanning error and acting as a reference point to correct the image.

Chapter 8 This chapter concludes the thesis and highlights the key findings. It also
proposes future works which covers potential directions and areas to expand this

research work further.
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Chapter 2
Theory

This chapter presents the fundamental background theory behind the research work and
critically reviews and evaluates previous work to explore possible directions for the
research work on the development of OCT phantoms. Firstly, the physical mechanism
of the femtosecond laser and material interaction are presented (Section 2.1). Secondly,
the experimental considerations (Section 2.2) (i.e. polarisation, repetition rate, pulse
duration, writing geometry, aberrations and self-focusing) are investigated. Thirdly, in
Section 2.3, OCT basic principles are introduced, and different OCT systems and
techniques are compared. Key performance parameters of the OCT system and the

issue of the image distortion are highlighted.
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2.1 Femtosecond laser-material interactions

Femtosecond lasers enables ultra-high precise and versatile three-dimensional (3D)
micro/nano-structures to be fabricated inside of materials [23] due to its unique
characteristics of ultrashort pulse width (~107"° s) and extremely high peak intensity
(>10™ W/cm?) [24-26] irradiating with tightly focused laser beam. In recent years,
femtosecond lasers have gained intensive interest and been widely used for fabricating
photonic devices for applications including material processing [27, 28], waveguides [29-
31], optical data storage [32-34], microfluidics [35, 36], lab-on-a-chip [24, 37, 38] and
laser surgery [39, 40] within transparent materials [27] such as glasses [29, 41], crystals
[42-44] and polymers [45, 46]. After the femtosecond laser irradiation, various highly
localised microstructures have been formed such as permanent refractive index changes

and micro-voids [41] within the focal volume in a spatially selective manner [26].

Femtosecond laser machining has been rapidly developed since it was firstly
demonstrated in fused silica in 1994 [47] and metal films in 1995 [48]. In 1994, Du et al.
investigated the laser-induced breakdown threshold in transparent materials (i.e. fused
silica (SiO2)) using 780nm laser pulses over a wide range of pulse widths from 7ns to
150fs, which the experimental data was strongly agreed with the impact ionisation theory
[47]. Moreover, the experimental results showed that precise control of the interaction
region can be achieved due to the generated plasma by using ultrashort pulses remained
localised during breakdown which can benefit for material processing and medical laser

applications [47].

In 1995, Pronko et al. demonstrated the capability that the femtosecond laser can create
very small features over nanosecond pulses due to the minimised effect of thermal
diffusion by using ultrashort pulses to reduce the heat-affected zone (HAZ) formation [26,
48, 49]. The paper presented laser ablated holes in metal films (i.e. gold and silver films)
that had a diameter of 300nm located at depth of 52nm which had been created by using
a 200fs, 800nm femtosecond laser. The smallest hole diameter was around 10% of the
spot size, this compared favourably to those produced by nanosecond pulses where the

smallest diameter was around 60% of the spot size [48].

In 1996, Davis et al. created the first 3D waveguide using an 120fs, 810nm femtosecond
laser on various glasses [29]. The sample structures were directly inscribed by
translating the stage either parallel or perpendicular to the incident laser beam and
positive refractive index changes that were restricted to the region at the focal point of

the laser were observed [29]. In the meantime, Glezer et al. demonstrated the use of a
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780nm, 100fs femtosecond laser to produce localised sub-micrometre structures for 3D
optical data storage in transparent materials without affecting the surface [32]. Both
research works demonstrated the potential to fabricate complex 3D structures inside
transparent bulk glasses by using tightly focused femtosecond pulses through a

microscope objective.

2.1.1 Nonlinear excitation mechanisms

In non-metallic materials, electrons are strongly bounded to the lattice in the valance
band. A direct single photon linear absorption cannot be achieved due to the lack of
energy to exceed the bandgap energy to the conduction band for transparent dielectric
materials. Therefore, to promote an electron from the valence band, nonlinear absorption
processes are required [50]. When the laser intensity is high enough and tightly focused
inside the material, a nonlinear absorption process can occur to modify the material
within the focal volume without causing absorption at the surface [27]. The nonlinear
excitation mechanisms include two classes — photoionisation and avalanche ionisation.
The nonlinear ionisation process includes the following steps. First of all, the nonlinear
photoionisation that initially generate free electrons, which includes two regimes that are
multiphoton ionisation [51] and tunnelling ionisation [52]. With free electrons provided by
photoionisation, through the avalanche ionisation [53] process, the density of the free
electron grows. Once enough energy is absorbed, a plasma is formed therefore leads to

the modification in the material due to the deposition of the energy.

2.1.1.1 Photoionisation

Photoionisation refers to the process that direct excitation of electrons by using the laser
field [50] so that free electrons can be promoted from the valence band to the conduction
band. There are two regimes of photoionisation — multiphoton ionisation and tunnelling

ionisation which depends on the laser frequency and intensity [54].

Tunnelling ionisation

In tunnelling ionisation regime, the nonlinear ionisation is typically dominated by lower
laser frequency and strong laser fields [50, 54]. It happens when the strong electric field
of the laser suppress the Coulomb potential well to enable the bound electrons to tunnel

out and become free [50, 54].
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Multiphoton ionisation

In the multiphoton ionisation regime, the nonlinear ionisation is typically dominated by
high laser frequencies (but still below that required for single photon absorption) [50, 54],
where simultaneous absorption happens as multiple photons are absorbed by one
electron in the valence band [50]. Both the material bandgap energy and the laser
wavelength can affect the number of photons that are needed to be equal or greater than
the bandgap of the chosen material [55]. The relationship between the bandgap energy

of the material and the number of photons can be expressed in Equation 2-1 [54, 56].
khw > Ebg

Equation 2-1

where k represents the number of photons, i represents Planck’s constant,
represents the frequency of the incident laser, hw is the single photon energy and Ej,
represents the bandgap energy of the material [54]. The minimum k& number of photons
are required. In fused silica, the bandgap energy is 9eV [50, 55] while the single photon
energy is around 1.5eV (at 800nm wavelength). Therefore, k is 6 for number of photons

required to free one electron [57].

There is a transition as an intermediate regime between the tunnelling ionisation and the
multiphoton ionisation that was expressed by Keldysh’s parameter (y) [52, 54, 58, 59].
The Keldysh’s parameter (y) is defined in Equation 2-2.

_ W [mcng Ky,
V= e I

where y represents the Keldysh’s parameter, w represents the frequency of incident

Equation 2-2

laser, e represents the charge of the electron, m represents the effective mass, ¢
represents the speed of light, n represents the refractive index of the material, ¢, is the

permittivity of free space, I represents the laser intensity at the focus and E, ; represents

the bandgap energy of the material [54].

The occurrence of photoinisation mechanisms based on Keldysh’s parameter is
described by the schematic diagram shown in Figure 2-1. When y < 1.5, the tunnelling
ionisation dominates the nonlinear absorption process. However, when y > 1.5, the

multiphoton ionisation dominates the nonlinear absorption process. When y = 1.5, the
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intermediate regime, both the tunnelling ionisation and multiphone ionisation involved in
the nonlinear absorption process. Therefore, Keldysh’s parameter (y) enables both

regimes to be included into one theoretical framework [58].

Coulomb
Potential

electron

.
\\l’\sl‘\ll\\'
Yy<15 y=~15 y_>1.5
Tunnelling Intermediate Multiphoton
ionisation ionisation

Figure 2-1. Schematical diagram showing the photoionisation regimes based on Keldysh’s
parameter (y).

The photoionisation rate for the multiphoton ionisation strongly depends on the laser

intensity [54, 56] and can be expressed as function of laser intensity [57] in Equation 2-3.
P(Dmpr = Uklk

Equation 2-3

where gy, represents the multiphoton absorption coefficient for absorbing k photons and

I represents the intensity of incident laser [54, 60].

2.1.1.2 Avalanche ionisation

Avalanche ionisation occurs with free carrier absorption followed by impact ionisation
[54, 58] with the schematic diagram shown in Figure 2-2. When free electrons are
available in the conduction band of the material, they are treated as seed electrons for
avalanche process that can be either provided easily by ionised impurity or defect states
through thermal excitation, or by carriers excited through photonionsation (i.e. tunnelling
ionisation or multiphoton ionisation) [54]. The available electron in the conduction band
can linearly absorb several laser photons sequentially until gaining enough energy to
exceed the conduction band minimum by more than the bandgap energy that enables
to move to higher energy states in the conduction band [54]. The energetic electron can

then impact ionise another electron from the valence band resulting in two electrons near
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the conduction band being freed at minimum [54, 60]. With further free-carrier absorption
and impact ionisation from these two electrons, more electrons can be ionised from
valence band. The process is repeated with the presence of the laser fields leading to
the density of the electrons growing exponentially [50]. The electron density grows until
the plasma frequency is resonant with the laser frequency (i.e. the critical density)
leading to the reflection or absorption of the laser energy [27, 54]. A rate equation for the
electron density growth in the conduction band is given by Equation 2-4 [54].
dN

N = alN
ar =@

Equation 2-4

where N represents the density of the electrons, n represents the avalanche ionisation
rate, a represents the avalanche ionisation coefficient and I represents the laser
intensity. As the avalanche rate linearly correlates with the laser intensity, therefore n =
al [61]. However, it has been proved that only 200fs and above pulse widths can largely
contribute into the impact ionisation process as this gives enough time for electron
density grow exponentially [62]. The femtosecond laser used for the experiments
presented in this thesis has a pulse width around 500fs, which results in the avalanche

ionisation mainly dominating the material modification process.
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Figure 2-2. Schematic diagram showing the avalanche ionisation process.
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As a result of the nonlinear excitation mechanism, the deposited energy is transferred
from laser radiation fields to the electrons and then transferred to the lattice to heat up
the material [50, 58]. As the time scale of the energy transfer is much shorter than the
thermal diffusion time, it leads to a permanent structural modification in the material [54].
The dynamics of energy transfer strongly depends on the input laser pulse duration [58].

For a femtosecond laser, the timescale for nonlinear absorption is much shorter than the
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timescale for the energy transfer in the material, therefore the nonlinear absorption and
the heating process can be treated separately [50, 61]. With the advantages provided
by ultrafast pulses (i.e. femtosecond laser pulses), the optical breakdown intensity can
be achieved with less energy deposited in the material so that it leads to a more precise

ablation or material modification [54].

2.1.2 Modification regimes

Depending on the laser pulse energies, there are three types of material modifications
can be produced in the bulk of transparent materials using the femtosecond laser direct
writing technique including homogenous modification associated with smooth refractive
index change [30], birefringent refractive index change [63, 64] and void formation [50,
58, 65]. The modification is strongly dependent on the laser pulse duration and the laser
energy [65, 66] but also other experimental parameters such as repetition rate, focusing
numerical aperture (NA), laser wavelength, polarisation and material properties [67].
However, in fused silica, those three types of modification can be simply observed by

only changing the laser energy [68].

2.1.2.1 Smooth refractive index change

With lower pulse energies that are higher than the material damage threshold, material
modification associated with either positive or negative refractive index change can
occur at the focal point of the laser beam depending on the material properties. This
regime benefits the fabrication for optical waveguide since it can ensure a smooth and
uniform refractive index change [69]. Refractive index changes on order of 10 can be
typically observed in fused silica irradiated by femtosecond laser pulses [65, 70-73].
Different models and hypotheses were proposed for explaining the isotropic refractive
index change, although exact mechanisms are still not fully understood [58]. However,
possible causes for inducing the smooth refractive index change can be explained by
contributions of the following models or hypotheses [50] — thermal effects such as
melting [74, 75], stress-induced changes [76, 77] , colour centre formation [72, 78-80],

and structural change such as densification [74, 81-84].

Miura et al. investigated the permanent photo-written optical waveguide formation on
various types of glasses by using femtosecond laser pulses at 800nm with 120fs pulse
width that the visible laser damages only showed in the laser focused region inside of
material [30]. The mechanisms for inducing the positive refractive index changes were
believed to be due to various phenomena such as the local densifying, colour centre
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formation and thermal effects such as melting [30]. Itoh et al. also observed a higher
refractive index change in fused silica that can be attributed to thermal related effects as
localised melting and rapid quenching of the glass [68]. Chan et al. used a tightly focused
800nm, 130fs laser at 1kHz repetition rate to modify inside the glass, the results of which
showed that from the increased density that the mechanisms were induction of a
localised plasma followed by micro-explosion inside the glass [74]. When the energy
transferred into the lattice from the electron plasma formed through nonlinear
multiphoton absorption and the avalanche ionisation process, a very localised high

temperature generated and pressure leading in shock wave and densification [74].

Hirao and Miura presented the results of writing round-elliptical damage lines by using
810nm, 120fs laser with 200kHz mode locked pulses that suggested the positive change
in refractive index can be related to local densification and defect generation [85].
Saliminia et al. discussed the mechanisms of refractive index change based on the
fabrication of waveguides using a 1.5um infrared femtosecond laser at 1kHz repetition
rate [86]. However, the results indicated that colour centre formation may not play a
crucial role in the refractive index change as colour centres were completely erased after
annealing at 400°C [86].

Therefore, the smooth refractive index change caused by not only one effect but the
contribution of multiple effects (i.e. thermal effects, colour centre formation and
densification). Contributions from those effects to induce the refractive index change will

vary depending on the material properties and the laser properties.

2.1.2.2 Birefringent refractive index change

Birefringent refractive index changes are associated with the formation of periodic
nanostructures. It occurs when using higher laser pulse energies than that required for
the smooth refractive index change but lower for void formation. The formation of
nanostructures is strongly dependent on the polarisation of the incident laser pulse train
[58]. Sudrie et al. firstly reported that a birefringent refractive index change can be
observed in fused silica [87]. Shimotsuma et al. observed that periodic self-organised
grating structures sized around 20nm that aligned perpendicularly to the laser
polarisation direction were formed after irradiating the femtosecond laser beam inside
fused silica [64]. The structural modification phenomenon was interpreted as the
interference between the laser field and the electric field of free electron plasma wave in
the material [58, 64].
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Similarly, Wang et al. presented the self-organised nanograting with a spatial period of
200-300nm in fused silica that perpendicularly oriented to the polarisation of the laser
pulse [88]. The results provide further evidence that a strong connection is presented
between the nanograting and the multiple ionisation channels [88]. The use of this
modification regime can benefit the fabrication of microchannels for microfluidic devices
[65, 89].

2.1.2.3 Void creation

With extremely high intensities that exceed the ablation threshold of the material, a shock
wave is generated that accompanies the energy transfer from free electron plasma to
the lattice, which can lead to micro-exploration and void formation at the focal volume
[50, 58, 68]. The shock wave carries highly excited, vaporised material out of the focal
volume into the surrounding materials [68]. As the micro-exploration occurs within the
material, it results into a less dense or hollow core (termed as void) surrounded by
material with a higher density [50, 68]. The void formation can benefit and exploit for 3D
optical memory storage [32, 33], fibre Bragg gratings [90] and photonic devices [91]. The
use of the void formation can also benéefit the fabrication of OCT calibration phantom [10,
21, 22, 92, 93] by using high pulse energies to create micrometre size modification in

fused silica.

2.2 Experimental considerations

Direct laser writing is a novel method based on using ultra-short laser pulses [94, 95]
which is employed by the laser system and is used for all the experiments presented in
this thesis. Fused silica is the only material used for all experiments undertaken in this
work. As mentioned earlier, induced refractive index changes occur due to the non-linear
multiphoton absorption processes [94] and take place when ultrashort (i.e. femtosecond)
laser pulses are focused into the bulk of a transparent material (e.g. glass) [94]. Ehrt et
al. presented a way to use a direct laser writing technique on various glass materials
[94]. Different types of glasses have been studied and written by a 800nm femtosecond
laser with 50fs pulses at a repetition rate of 1kHz [94]. The study concluded that the
induced refractive index is heavily dependent on both the laser writing conditions (e.g.
wavelength, pulse energy, pulse duration, repetition rate) and the material composition
and structure [94]. Similarly, Dmitriev et al. also demonstrated a novel single-step
method of using femtosecond laser with laser pulses at 800nm central wavelength, a

maximum pulse energy of 5nJ and a pulse duration of 100fs at a repetition rate of 80MHz
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to directly write of arrays of metallic (Au) and semiconductor (Si) nanoparticles [96].
Femtosecond laser direct writing in transparent materials enables highly precise and
high-quality 3D micro/microfabrication which shows great potential for numerous

applications [97].

In the following section, a number of key parameters and effects (i.e. polarisation,
repetition rate, pulse duration, writing directions, self-focusing and spherical aberrations)

that play crucial roles in the process of the laser-material interaction are discussed.

2.2.1 Polarisation

Polarisation can significantly affect the energy absorption process, which is polarisation-
dependent, such that it affects the changes in structures and properties caused by the
irradiating incident laser beam [67, 82]. Little et al. presented that the polarisation of
incident laser irradiation between linear polarisation and the circular polarisation can
result in a refractive index contrast of up to two times difference [98]. It concluded that
the difference was caused by different nonlinear photoionisation rates of fused silica,
with the circular polarisation exhibiting higher photoionisaiton rates than the linearly

polarised laser beams [98].

Moreover, Liu et al. reported that the difference in the damage threshold of fused silica
for linear and circular polarisations. For a NA > 0.4, the damage threshold for the circular
polarised beam was higher than that for the linear polarised beam, however when NA <
0.4, the damage threshold for the linear polarised beam was higher than that for circular
polarised beam [99]. It was suggested that the reason might be caused by different
damage processes so that there is laser induced damage for the high NA but the self-

focusing induced breakdown at low NA [99].

Gaudfrin et al. showed that the effect caused by polarisation to the ablated volume was
that a linear polarised beam led to a higher absorption cross section than the circular
polarised beam, which makes the linear polarisation state more efficient [100]. However,
the experimental setting was also associated with a change to the pulse-to-pulse delay
which the researchers concluded that the effect of polarisation on ablated volume is
delay-dependent. Nanostructures, such as nanogratings, are shown to be strongly
polarisation-dependent [64, 65, 101]. The formed nanogratings are self-ordered and
periodic that orientated perpendicularly to the electric vector of a linearly polarised laser
beam [65, 67, 102].
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The polarisation of the femtosecond laser system used for all fabrication related work
presented in this thesis is circularly polarised. The circular polarisation has been shown
to be less sensitive to the writing direction which allows the laser to inscribe any path in
3D without requiring continuous alignment for the electric field and magnetic field as

required for the linear polarisation [60, 65].

2.2.2 Repetition rate

Repetition rate is one of the most important parameters and it is highly influential on the
performance of the femtosecond laser inscription process depending on the repetition
rate regimes [67]. At low to moderate repetition rates (i.e. 1-200kHz), the time between
the laser pulses are relatively long to allow the thermal diffusion extend to quite a large
area outside of the focal volume, therefore an increase in laser pulse energy leads to
larger microstructure formation [67, 103, 104]. At high repetition rates (i.e. 0.5-2MHz),
as the time between laser pulses has become much shorter than the thermal diffusion
rate, hundreds of pulses accumulate to heat up the focal volume therefore there is heat

accumulation constituting a point source of heat [50, 67, 104].

Bovatsek et al. studied the effect of the repetition rate on transparent materials (i.e. glass)
[105]. The work found that a high repetition rate would result a point-like heat source,
due to the nonlinear absorption of tightly focused femtosecond pulses [105]. It stated
that a low repetition rate limited the linear welding speed while a high repetition rate can

lead to thermal energy accumulated in the focal region [105].

Similarly, Rasakanthan et al. also studied the effect of the repetition rate along with other
parameters to fabricate the OCT artefact [10]. In this study, three different femtosecond
lasers with different repetition rates (i.e. 11MHz for the high repetition rate laser system,
1kHz and 100kHz for two low repetition rate laser systems respectively) were used to
perform tests on different types of transparent materials (i.e. fused silica, PMMA and
doped BK-7) [10]. It concluded that the microstructures produced by low repetition rate
systems in fused silica and PMMA were more visible under the OCT system than the
waveguide-like structures produced by high repetition rate system [10]. The high
repetition system was capable of producing more symmetrical and homogeneous
structures. However, at lower repetition rates, the structure written in PMMA tended to
be more symmetric than in fused silica where the difference may be caused by the

material properties [10].

Y. Lu, PhD Thesis, Aston University 2021.
41



The femtosecond laser system used has variable repetition rates ranging from 1kHz to
100kHz with the maximum of 100kHz repetition rate was used for the laser setting to
fabricate inside pure fused silica substrate. Thermal diffusion dominated for the structure

modification.

2.2.3 Pulse duration

Pulse duration is another important parameter that needs to be considered when using
the femtosecond laser writing process as the damage threshold has been shown to be
pulse duration dependent [67]. The relationship between the pulse duration, peak power
and pulse energy can be simply represented as shown in Equation 2-5. When the laser
pulse energy is fixed, changes in pulse duration can directly affect the peak power so
that an increase in pulse duration leads to a decrease in peak power.

Laser pulse ener oules
Peak power (Watts) = d 9y U )

Pulse duration (seconds)

Equation 2-5

Sun et al. demonstrated the nonlinear propagation of a single focused femtosecond laser
pulse in fused silica to be pulse duration dependent at fixed incident laser pulse energies,
in which the peak electron plasma density differs with different pulse durations (the pulse
duration was varied from 50fs to 1600fs in this experiment) [106]. The results showed
that the peak electron plasma density when at a relatively low pulse energy firstly
increased with increasing pulse duration and then decreased, this was due to the

avalanche ionisation acting differently at different pulse durations [106].

Stuart et al. investigated laser-induced damage in dielectrics with different pulses
ranging from 140fs to 1ns [107]. The results showed that a strong deviation had been
observed from the long-pulse (i.e. pulses shorter than 20ps) and the damage threshold
continues to decrease with decreasing pulses in the range of 0.1 to 20ps [107]. For the
ultra-short pulses (i.e. pulses less than 30fs), the multi-photon ionisation on its own
accumulated enough density to cause damage [107]. This study provided a good
foundation for using the femtosecond laser with short pulses to control the damage area.
Hantovsky et al. demonstrated the effect of the pulse duration to the fabrication by
varying the pulse duration at a range of 40-450fs and the results showed that when the

pulse duration decreases, the pulse energy threshold increases [63].
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The pulse duration for the experiments presented in this thesis was fixed around 500fs,
therefore, the peak power varied with the incident laser pulse energy by adjusting the

laser attenuator.

2.2.4 Writing geometry and aberrations

The writing direction and the chosen focusing objective lens can significantly affect the
structure modification inside the material. There are two main writing geometries used
for the translation of the computer-controlled XYZ stage — longitudinal and transverse
writing direction. In longitudinal writing, the laser beam is parallel to the propagation of
the incident laser beam which either towards to or away from the beam [69]. While in
transverse writing, the laser beam is perpendicular/orthogonal to the propagation of the
laser beam [69]. The schematic diagram for showing the laser writing direction is shown

in Figure 2-3.
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Figure 2-3. The schematic diagram showing the writing geometry of the laser beam.

In longitudinal writing, the resulting structures tend to be cylindrically symmetric due to
the transverse symmetry in the Gaussian intensity profile of the laser beam [69].
However, the inscription length can be limited due to the working distance of the chosen
objective lens [69]. To address this limitation, a low numerical aperture (NA) focusing
lens is beneficial to extend the inscription length with higher laser powers to reach the
optical breakdown threshold [69, 108]. However, when the peak power is relatively high,
nonlinear effects (i.e. filamentation and self-channelling) will appear which can lead to
an elongated structure in the axial direction [69, 108]. Another issue is caused by the
spherical aberration, which can significantly distort the structure [109]. A spherical

aberration happens when light goes through different mediums due to the mismatch of
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the refractive index, which is depth dependent. This can become more severe for high
NA objectives (0.4 or above) that distort the focal volume with an axial elongation of the
focus which therefore leads to a distortion in refractive index change [110, 111]. A
schematic diagram is used to show the focusing geometry for the longitudinal writing
and focusing aberrations presented in Figure 2-4. When the significant depth is reached,
the focusing geometry is distorted and elongates the focal volume that spreads the
longitudinal intensity [108] and lowers the axial energy density [109]. The axial stretching
increases with the focusing depth and causes a decrease in peak intensity and a
modulation in the axial intensity profile [109, 112]. Therefore, without using adaptive
optics to correct the aberration [109], the results are compromised by choosing a high
NA objective lens which can produce small structures over a limited depth or choosing

a lower NA objective lens which can produce larger structures with a greater depth [113].
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Figure 2-4. The schematic diagram showing the longitudinal writing and the aberration
caused by mismatch of the refractive index of two mediums.

In transverse writing, however, as the sample is scanned perpendicular to the incident
beam, the working distance no longer limits the writing length, this is generally used for
the fabricated structures presented in this thesis [69]. However, the cross-sectional area
of the inscribed structure can be asymmetric or elliptical [110] due to the ratio between
depth of focus and the spot size [69]. The waist radius (w,) for the diffraction-limited
minimum (i.e. 1/2 of the spot size) for a collimated Gaussian beam focused in a dielectric
can be defined in Equation 2-6 [69].

B M?2
Wo = nNA

Equation 2-6
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where M? is the Gaussian beam propagation factor which is used to quantify the laser
beam quality [114], 4 is the laser wavelength and NA is the numerical aperture of the

focusing objective lens [69].

The Rayleigh range (z,) (i.e. 1/2 of the depth of focus) inside a transparent material of

refractive index n is defined as shown in Equation 2-7 [69].

nM?)
%o = TNA?

Equation 2-7

Therefore, the ratio between the depth of focus (2z,) and the spot size (2w,) can be
therefore represented by Equation 2-8 for a given focal volume asymmetry of the

structure cross-section.

2z n

ZWO_M

Equation 2-8

where n is the refractive index of the material and NA is the numerical aperture of the
focusing objective lens. It can be seen that the NA of the focusing objective lens plays a
significant role. This asymmetry results in elliptical structures. In this thesis, the
transverse writing was mainly used for the structure writing, and longitudinal aberration

is observed when inscribing at greater depths.

2.2.5 Self-focusing

The high peak power of the laser can induce nonlinear propagation effects (i.e. Kerr self-
focusing) that can significantly distort the laser beam profile and peak intensity [54],
which can cause laser pulse to collapse into a filament [27]. The spatially varying
refractive index in a dielectric can be created by the spatially varying intensity of a
Gaussian laser beam [69]. This nonlinear refractive index (n,), also known as Kerr non-
linearity, is positive in most of materials, where the highest laser intensity is at the centre

of the beam compared to the wings [54].

This variation (An) in refractive index acts as a focusing lens (i.e. Kerr lens) inside of the
material which the strength of the self-focusing lens is dependent on the laser pulse
intensity (1) [67, 69] given by Equation 2-9.
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n=ny+ An =ng+ nyl

Equation 2-9

where n is the total refractive index of the material, n, is the linear refractive index, n,
is the non-linear refractive index, I is laser pulse intensity and An is the variation of the
refractive index [115]. Although the refractive index variation depends on the peak
intensity, the self-focusing strength is dependent on the laser peak power solely [54]. If
the peak power exceeds the critical power for self-focusing (P.;.), the laser pulse can be
predicted to collapse [54, 116]. The critical power (P.,) for self-focusing of a Gaussian

beam can be calculated based on the Equation 2-10 [117-119].

3772

8mnyn,

cr

Equation 2-10

where 1 is the laser wavelength, n, is the linear refractive index and n, is the non-linear
refractive index. However, as the laser beam self-focuses, it can induce the nonlinear
excitation to form a free electron plasma which has a negative refractive index acting as
a diverging lens causes de-focusing of the laser beam [54]. Therefore, a balance
between self-focusing and de-focusing leads to the filamentation that elongates the
structure along the axial direction over a given length when the peak power is around
the critical power for self-focusing [67, 115, 118, 120, 121].

For the femtosecond laser used for the work presented in this thesis, the femtosecond
laser has a central wavelength (1) of 1026nm, the fused silica substrate used to fabricate
the OCT phantoms has an n, of 1.45 (at 1 = 1026nm), n, is 2.9 x 107" cm?W [122],
therefore, the critical power for self-focusing is around 3.75MW, which the corresponding
pulse energy for the pulse duration of ~500fs is around 1.875uJ. Therefore, for a precise
control of the inscription size, a laser pulse energy below the threshold should be
selected with a high NA employed to ensure the enough peak intensity can be reached

below the self-focusing threshold for nonlinear absorption process [60].

2.3 Optical coherence tomography (OCT)

Since 1991 with the first OCT system demonstrated by Huang et al. [1] , optical
coherence tomography (OCT) technique has been developed rapidly and been
extensively used for biomedical/medical and clinical applications [123] such as helping

diagnose and assess the treatment of retinal diseases [3, 124-126] and other
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applications such as dimensional metrology [127, 128] and contactless material
characterisation [129-131]. OCT can provide a 3D non-invasive, high resolution, cross-
sectional in-vivo image of the internal microstructures in materials and biological systems
by scanning the backscattered or back reflected light [1, 2, 132]. OCT performs the way
that is analogous to ultrasound echo imaging technique [133], which provides a 2D

cross-sectional image of optical scattering from internal tissue microstructures [1].

2.3.1 Optical coherence tomography: basic principles

The underlying principle of the OCT technique is utilising the low-coherence
interferometry [1], and it is responsible for the high resolution of which OCT systems
exhibit. The high velocity of light and the resolution limitations of time measurement
technologies (i.e. measuring the round trip time from the source, to the sample and back
again) prohibit direct measurement techniques [134]. However, for OCT technique, the
coherent property of the light enables a direct measurement on the tissue microstructure
determining on the echo time delay (i.e. time of flight delay) between the reflective
boundaries and the backscattering from the sample [1, 2]. The core of the OCT system

is a Michelson Interferometer with a low-coherence light source [134].

Figure 2-5 shows the simplified configuration [1, 134] of a basic OCT system
configuration. A light source emits light that passes through a beam splitter which divides
the incident light into two optical paths. One optical path goes to the moving reference
arm and the other goes to the sample arm. The returns from the sample and reference
mirror constructively or destructively interfere at the beam splitter, dependent upon their
time delay and magnitude of the reflected light [134]. The output of the OCT system,

which is essentially a Michelson interferometer monitored by a detector [135].
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Figure 2-5. Basic OCT system simplified configuration.

A single depth of profile (i.e. A-scan) can be obtained by completing one trip along the
reference arm [136]. A 2D OCT image or B-scan can be obtained by scanning at
incremental steps [137] or multiple longitudinal locations [1] of the sample which is a
series of A-scans. A 3D OCT image can be obtained by having multiple depth scans with

the beam propagating at two orthogonal directions which is a series of B-scans [138].

2.3.2 OCT systems

There are two main OCT methods: time domain OCT (TD-OCT) and spectral domain
OCT (SD-OCT). The SD-OCT can be implemented in two ways which are Fourier
domain OCT (FD-OCT) and swept source OCT (SS-OCT).

2.3.2.1 Time domain OCT (TD-OCT)

Time-domain OCT (TD-OCT) is the most fundamental OCT system based on a detection
technique that use a low-coherent light source and a reference arm [136]. A TD-OCT
system outputs reflectivity depth profiles (i.e. A-scan) [137] by measuring the echo time
delay and intensity of the light reflected or backscattered from the sample [1, 134]. When
the reference mirror moved to a certain position, the corresponding pattern can only be
obtained when the same distance that light travels to the reference arm is equal to the
distance that light reflected back from the inside of the sample [136]. Therefore, when

the reference mirror moving along the reference arm, the interference pattern can be
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generated from the backscattering of the sample of the sample arm [136]. By this way,
the dependence on depth of the intensity of light backscattered from inside of the sample

can be measured [136].

However, for TD-OCT system, the light echoes or the variation of interference can only
be detected when the optical path difference (OPD) is less than the coherence length of
the light source (C;) [139]. The optical path difference is defined as OPD = |Object path
length — reference path length| [139]. The coherence length of the light source is
determined by the spectral bandwidth. The condition of C; < OPD has to be met for the
sample scanning [139]. When OPD = 0, the maximum inference can be obtained for

each depth of the sample [139].

2.3.2.2 Spectral domain OCT (SD-OCT)

Spectral-domain OCT (SD-OCT) is the most commercially used OCT technique
presently. It can be implemented in two ways which are Fourier-domain (FD-OCT) and
swept-source OCT (SS-OCT) [137]. The SD-OCT method eliminates the needs of depth
of scanning by mechanically moving the reference mirror that the TD-OCT requires [139].
Previous studies [4, 135, 140] have shown that SD-OCT systems have a considerable
sensitivity advantage [141] compared with TD-OCT systems due to their higher
acquisition rates [142] and deeper penetration features [137]. In addition to this, the SD-

OCT technique enables systems to capture higher resolution images [4, 137, 143, 144].

Fourier-domain OCT (FD-OCT), also known as spectrometer-based OCT (SB-OCT) was
initially demonstrated by Fercher in 1995 [145] and the firstly commercial OCT available
system was introduced in 2006 [3]. It is different from the TD-OCT in that the detector in
this system is changed to a high-speed spectrometer and that the reference arm is fixed
[137, 138]. Unlike TD-OCT where the light echoes are detected from sequentially moving
the reference mirror, in FD-OCT all the spectral components captured at the same time
as the light echoes come from all axial depths and are detected as modulations in the
spectrum [136]. The spectrometer consists of a prism or diffraction grating with a
photodetector array [139]. The detected signal is then converted to the time domain by

applying Fourier transformation to obtain the depth profile of the sample [138].

Swept-source OCT (SS-OCT) is essentially employing same fundamental approach as
SD-OCT, however, the broadband source is replaced with tuneable frequency swept
narrowband laser source which emits various frequencies sequentially in time [3] and a

conventional photodetector instead of a spectrometer is used to the monitor the output
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[139]. The response of the interferometer at each wavelength can be determined and
the same Fourier transformation performed. It can obtain the fastest acquisition scan

rate with sufficient image quality for deeper tissue [3, 139, 140].

2.3.2.3 Comparison of OCT methods

The main parameters and features for the TD-OCT, FD-OCT/SB-OCT and SS-OCT

methods been reviewed and are summarised in Table 2-1 for comparison [139].

OCT
system TD-OCT FD-OCT/SB-OCT SS-OCT
parameters
Light Broadband light Broadband light Tuned narrowband
source source source laser source
Detector Photodetector Spectrometer Photodetector
Axial . .
resolution Optical source Optical source Tuned bandwidth
bandwidth bandwidth
depends on
Acquisition 16kHz [139] ~300kHz [139] ~5MHz [140]
line rate

Table 2-1. Comparison between different OCT methods.

2.3.3 Performance parameters of OCT systems

Performance parameters of OCT systems enable a better understanding of the needs
for designing and fabricating an OCT calibration phantom. Previous studies [21, 146]
have shown that quantitative methods need further development to assess the
performance of various OCT systems. In this section, three key performance parameters
of the OCT system which are resolution, point spread function (PSF), sensitivity are

reviewed.

2.3.3.1 Resolution

Resolution (i.e. axial resolution and transverse resolution) is one of main performance
parameters of the OCT system. For a typical OCT system, the coherence length of the
light source determines the depth resolution (i.e. axial resolution), which is inversely

proportional to its spectral bandwidth [136, 138], hence the utilisation of a broadband
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light source benefits the axial resolution [134]. When a spectral distribution of a light
source is Gaussian, the axial resolution (Az) (i.e. depth resolution) of the OCT system
can be determined by Equation 2-11.

2

A —044)L
z =044~

Equation 2-11

where 1 is the central wavelength of the light source, Az and A1 is the axial resolution
and the bandwidth of the light source respectively [2]. Therefore, to achieve a high axial
resolution, broadband light sources are required [2, 136]. The micron or submicron range
of the resolution can be achieved by employing a very large spectral band light source
such as femtosecond pulsed lasers or white light sources [136]. To date, the axial
resolution of conventional OCT systems used in Ophthalmology is reported to be 5-20um
[147]. For ultrahigh-resolution OCT systems, a much higher axial resolution range was
reported as 1-2um [148-151].

However, the transverse resolution (Ax) (i.e. lateral resolution) is independent on the
depth resolution (Az) (i.e. axial resolution), which is determined by the minimum spot
size of the focusing beam that inversely proportional to the numerical aperture (NA) of

the focusing lens [2, 136] represented in Equation 2-12.

Ax = 4—;(5) - 1.27(%)

Equation 2-12

where 1 is the central wavelength of the light source, d is the spot size of the focusing
beam, f is the focal length of the focusing lens and NA is the numerical aperture of the
focusing lens. Lateral resolution is limited by the diffraction limit [152], which is
independent from the axial resolution so that the system can be optimised for lateral
scanning [138] without affecting the axial resolution [2]. A high transverse resolution can
be achieved by employing a high NA focusing lens. The transverse resolution (Ax) is

also related to the depth of field (DOF) with the correlation given by Equation 2-13 [2].

mAx?
21

DOF =

Equation 2-13
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As increasing of the transvers resolution (i.e. smaller Ax), the DOF will be decreased.
With using a high NA focusing lens, the transverse resolution will increase, however, the
DOF will be decreased. In contrast, a low NA focusing lens leads to a larger beam size
at the focal point as the transverse resolution decreased with a larger DOF. Most
commercial OCT systems performs with a lower NA focusing lens which ensures a larger
DOF of the order of millimetres (i.e. ~20-30um) [153, 154] can be obtained which is
longer than the coherent length of the light source [136].

2.3.3.2 Point spread function (PSF)

The spatial resolution of the OCT system can be also treated as a point spread function
(PSF) when the object is infinitesimally small [152]. When the object size is much smaller
than the OCT resolution that can be treated as a delta function, a direct measurement
of PSF becomes possible [155].

The final OCT image I(x, y, z) is a convolution of the system PSF I'(x, y, z) and the object

being imaged H(x, y, z), which can be represented in Equation 2-14:

I(x,y,z) = T(x,y,2) ®H(x,y,z)

_ f f f Zro(, EQH(x — % ¥ — §7 — Qxdgd

Equation 2-14

A Dirac delta function, also called the wunit impulse function, denoted as
d(x), which have a value of zero everywhere expect at the origin [156], represented in
Equation 2-15.

Equation 2-15

It has an important property is that the integral for the delta function is always equal to 1

[156] given in Equation 2-16.
f d(x)dx =1

Equation 2-16
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When the cross-section of the object is smaller than the resolution of the OCT system,
it can approximately treated as a 2D PSF of the system [60]. Therefore, by using this
property of the delta function, a direct measurement of PSF of the OCT system become

possible.

However, when the object size is larger than the OCT system, a deconvolution must be
used to obtain the PSF. Tomlins et al. suggested that well characterised larger particles
can be used and de-convolved from the known shape of the OCT signal to obtain the
PSF [155]. Therefore, the needs of the OCT phantom which is a well-characterised with

known shape is necessary for the PSF measurement of the OCT system.

2.3.3.3 Sensitivity

The sensitivity of the OCT system is the minimum reflectivity required to achieve signal-
to-noise ratio (SNR) of 1, defined as the ratio of the signal intensity from the sample to
the standard deviation of image background intensity with no sample presented [138,
146, 157] and it is an important parameter to evaluate the performance of an OCT
system. The detector used for the measurement can be either a CCD camera or a silicon
photodiode [146]. The SNR can be calculated as [135, 146]:

Lsample X

SNR = (
Obackground

Equation 2-17

which can be represented in decibels (dB) [146] as:

I
SNR (dB) = 20log (—=2mP!e

background

Equation 2-18

where I;ompie is the signal intensity detected by the detector of the OCT system,
Obackgrounda 18 the standard deviation of the background intensity with no sample

presented [146]. The ratio needs to be squared in order to convert the intensity value to

the power values [146].

The measurement of OCT sensitivity has been reported in previous literature. Leitgeb et
al. [135] demonstrated a method to measure the sensitivity of the OCT system to
compare the performance between the FD-OCT and the TD-OCT systems by using two

mirrors with known reflectivity. One mirror was placed at the reference arm and another
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mirror placing together with neutral density filters at the sample arm. Therefore, the
signal intensity at different reflectivity levels can be measured with a neutral density filter
[135, 146]. To accurately calculate the SNR, the expression from Equation 2-18 needs
to be adjusted to:

Isample

SNR (dB) = 2010g< ) — 10log (RsampleTNDZ)

Gbackground

Equation 2-19

where Rsqmpie is the reflectivity of the mirror, Typ is the transmittance of the neutral

density filter for attenuating the signal [146].

Another way to measure the sensitivity of the OCT system is using a well-characterised
phantom which allows a direct measurement. Agrawal et al. presented methods to
assess the sensitivity of OCT systems by using phantom-based methods which can
provide directly visualised measurement of the system [146]. One phantom-based
method was using a femtosecond laser inscribing the phantom presented by Lee et al.
[21] (it has been commercialised by Arden Photonics Ltd., UK [146]) that uses a series
of lines inscribed with different laser pulse energies. Another phantom-based method
was the microsphere suspension phantoms that is comprised of various silica
microspheres that have a mean diameter of 1.57um [146]. The results indicated that the
phantom-based methods could fill an important role for the sensitivity assessment which
can provide a spot-check through simple visualisation of the signal level of the OCT

system [1486].

As the sensitivity of the OCT system determined by the minimum signal intensity, the
signal intensity is associated with the reflectivity of the sample which is correlated with
the refractive index of the medium. According to Fresnel equations, the reflectivity can

be represented as:

n—n;

|2
ny +ny,

Equation 2-20

where n, and n, represent the refractive index of two mediums. For a fused silica
material with the refractive index of 1.5, the reflectivity is 4% when the incident light goes
through the air (n; = 1) into the material (n,= 1.5). Therefore, by using the structures

with different refractive indices, the sensitivity level of the OCT system can be
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determined. Those structures with varied refractive indices can be inscribed by the

femtosecond laser with varying the laser power or the writing speed [158].

2.3.4 OCT image processing
2.3.4.1 OCT image acquisition

The acquisition rate and the image quality are very essential to the OCT system as it is
employed as medical scanning equipment. Eye movement remains an issue when doing
the OCT scanning [159]. Previously, work has been conducted by researchers on the
reconstruction and restoration of the OCT images [160, 161]. Other works [162-167]

have focused on improving the acquisition technique of the OCT system.

Lebed et al. demonstrated a method which can speed up the image acquisition rate to
reduce the scan time and improve the image quality by using Compressive Sampling
(CS) [168]. It can recover/reconstruct a full 3D image based on a subset of the acquired
data [168]. Differently, Su et al. presented an automated 3D image processing method
with a high accuracy and subpixel resolution by using ridge detection algorithms [169].
This method enables the system to handle large amounts of data and this method can

preserve the original data as it does not apply any filtering techniques [169].

Recently, Munro et al. developed a full wave model of the OCT image formation to
overcome the limitations of existing models based on Maxwell’s equations in three
dimensions [170]. However, the experimental results acquired by the OCT system
showed a noticeable difference to the simulated result due to various reasons (i.e.
significant scattering coefficient variations), although the main features seems to be

consistent [170].

2.3.4.2 OCT image distortion

The OCT image distortion is one of issues presented caused by different factors such
as the nature of curvature structures, scanning procedures [171]. Podoleanu et al.
quantified the distortions by using two quantities — a lateral and an axial error [171].
However, this method was based on the assumption of simplified and homogeneous

tissue. Hence, the method would be more useful in longitudinal OCT imaging [171].

Similarly, Westphal et al. described a quantitative method to correct for OCT image
distortion caused by refraction, scanning geometries and nonlinearities based on

Fermat’s principle [172]. The method can correct the distortion down to 10-20um [172].
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However, this method may have limits on detecting smooth interfaces as it is sensitive

to position noise of the detected interface[172].

Ortiz et al. developed a numerical method for 3D OCT image distortion caused by the
refraction on anterior segment [173]. The method implemented is based on a 2D Ray
tracing method that applies Snell's law [173]. Through the comparison of corrected
(simulated) values and the nominal values, the discrepancy is less than 1% in all
surfaces [173]. Diaz et al. conducted a series of work on the one step geometric
calibration method for geometrical distortion correction [174-176]. A landmark based
OCT calibration model has been created and the distortion can be corrected by matching

the known landmarks [176].

2.4 Chapter conclusions

This section has reviewed the background theory of the femtosecond laser micro-
inscription process. Key parameters of the femtosecond laser have been investigated
for experimental considerations. In order to have a well-controlled structure, such
parameters needed to be well studied, controlled and defined. Moreover, the direct laser
writing process heavily depends on these parameters. Moreover, the basic principles for
OCT systems with different OCT methods have been presented. Performance
parameters of OCT systems highlight the needs of the OCT phantom that can satisfy the
OCT system requirements and solve the potential image distortion issues so that the

correct image can be obtained.
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Chapter 3

Experimental setup

This chapter presents the details and specifications of the experimental equipment and
processes used for OCT phantom design, fabrication, characterisation and calibration in
this thesis. Firstly, the femtosecond laser system and the experimental setup (Section
3.1) are presented, which includes a description of the laser head and optical
components along the beam delivery path in the system. Secondly, the workflow of the
phantom design and fabrication are described (Section 3.2). Thirdly, the phantom
substrate and material considerations (Section 3.3) are introduced and studied.
Moreover, a detailed description of the sample alignment procedure (Section 3.4) when
placing the substrate on the fabrication stage is given. After the laser fabrication process,
phantom characterisation using a microscope and OCT systems (Section 3.5) is
described. Finally, a study of the existing planar phantom (Section 3.6), including the
parameter settings, the fabrication process and characterisation process are

investigated.
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3.1 Femtosecond laser system

A femtosecond laser micromachining system (built by Oxford Lasers, UK) is used to
fabricate the phantoms. The system consists of a laser unit, optical components located
on the optical path, an on-axis camera, a microscope observation lens and an inscription
lens, with a CNC stage equipped with a goniometer underneath to allow for accurate

position adjustment of the blank silica substrates and other materials.

3.1.1 Femtosecond laser

The system contains a mode-locked femtosecond laser (Amplitude Systemes s-Pulse
HP) that uses Ytterbium as the active laser medium which consists of a pulsed diode
pumped solid state laser. An Ytterbium doped crystal can be directly pumped, which
enables a high efficiency, that is capable of generating femtosecond pulses with a high
average power. The laser has a central wavelength of 1026nm with a variable repetition
rate ranged from 1kHz to 100kHz. The pulse duration remains fixed around 485fs at
1kHz and 500fs at 100kHz. The maximum average output power measured at the laser
head was 1.23W at 1kHz and 3.86W at 100kHz [177]. The laser system layout is shown
in Figure 3-1.

Laser Safety Femtosecond
Shutter laser
Telescope Attenuator Polariser
Beam Expander [

Objectivelens <_ || >

sample

Computer
Controlled CNC
stage

Figure 3-1: Schematic diagram of the laser system set-up at a 1026nm central wavelength
with a repetition rate of 100kHz and a 100x inscription lens.
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3.1.1.1 Chirped pulse amplification (CPA) technique

As the peak power is inversely proportional to the pulse duration, the direct amplification
of a femtosecond pulse will lead to damage in the amplifier before reaching the desired
energy level. Therefore, the chirped pulse amplification (CPA) technique is applied to
remove the limitation of the peak power laser pulse amplification which can lead to
optical damage to the gain medium caused by the nonlinear process (i.e. self-focussing)

but enable efficient amplification of femtosecond pulses.

The CPA technique was initially introduced in 1960 for increasing the average power for
radar systems [178] and was adapted to amplify short laser pulse in 1985 [179]. There
are four stages contained in the CPA technique (shown in Figure 3-2). The first stage is
to use an integrated laser oscillator that uses the soliton mode-locking technique [180],
therefore a series of low energy with a high repetition rate femtosecond laser pulse are
emitted [180]. A Ytterbium doped crystal is used as laser gain media which has a large
fluorescence bandwidth to sustain ultrashort pulse duration [181] achieved by using a
solid-state nonlinear mirror which is also known as a semiconductor saturable absorber
mirror (SESAM) [182]. Soliton mode-locking technique enables a stable balance

between the dispersion and Kerr nonlinearity in the resonator [183].

The second stage of the process utilises a pulse stretcher to stretch the femtosecond
pulse. This is done by using two diffraction gratings so that each spectral component of
the laser pulse experiences a different optical path length resulting in a pulse which is
temporally stretched to a much longer duration and then chirped spectrally at the output
of the stretcher. The third stage is to amplify the laser pulse to a high energy level by
using a regenerative amplifier which consists of a laser resonator. After stretching the
laser pulses, each temporally stretched low peak power pulse is trapped by a Pockels
cell switching module and amplified to a desired energy level by completing multiple
round trips through the gain medium in an optical resonator. The amplified pulse is then
switched out by using the same Pockels cell switch. A Faraday rotator is used to send
the pulse out to the pulse compressor. The final stage is to use a pulse compressor to
recover the pulse duration back to its initial status. A dispersive compressor consisting
of a pair of diffraction grating removes the chirp and temporally compresses the pulse to
the input pulse duration. Then the amplified laser pulse with ultrashort duration is

delivered out of the laser head.

Y. Lu, PhD Thesis, Aston University 2021.
59



PULSE STRETCHER

>
SHORT
PULSE
AMPLIFIER
AMPLIFIED ST;R,EICS::ED
STRETCHED PULSE
>

AMPLIFIED SHORT
PULSE

%D— PULSE STRETCHER

Figure 3-2: Conceptual diagram of the chirped pulse amplification (CPA) technique.

3.1.2 Optical components for beam delivery

The laser beam is confined through the beam delivery elements which contain a safety
shutter, dielectric turning mirrors, the beam expander, laser attenuator and the polariser
on the beam path before it exits to the z-axis where the focussing optics are located. The
dielectric turning mirrors located on the beam path are incident at a 45-degree angle and
specially coated for broadband near-infrared laser operation [180]. The beam expander,
located before the beam entering into the attenuator and the machining lens, is used to
vary the size of the beam and minimise the beam divergence so that to reduce the risk
of damaging the any optical components [180]. The beam expander is used to vary the
focus spot size so that it allows a precise control of the size of the laser beam [177]. To
achieve this, a pair of plano-concave and plano-convex singlets with different focal
lengths are used [180]. By expanding the beam by 2x or 4x, a pair of -50mm plano-
concave and +100mm plano-convex or a pair of -50mm plano-concave and +200mm

plano-convex can be used respectively [180].

The laser attenuator controls the laser energy in a linearised mode and it operated by a
motorised half waveplate and thin film polariser pair [180]. The laser attenuator can be
controlled by using a software or a customised program. It can be proportionally adjusted
between 0% to 100% of the total output power, which means that 0% represents that
the minimum transmission so that no laser beam can be emitted and 100% represents

that the attenuator is fully open so that the maximum transmission can be allowed to go
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through. This is illustrated in Figure 3-3 where the laser output power has been
measured with an optical power meter (Coherent FieldMax Il) at the fabrication stage
(i.e. after the laser beam passes the machining lens, a 100x objective lens), a
measurement of the average output power (in mW) versus the attenuator position (in %).
Then the laser beam is circularly polarised by using a quarter waveplate directly after
the beam exits from the attenuator [180].
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Figure 3-3: The correlation between the measured average output laser power (in mW) and
the attenuator position (in %).

The Z-axis shown in Figure 3-4, it includes an on-line camera, vertical off-axis viewing
lens and the machining lens which can be controlled by computer software. The
inscription lens has a magnification of 100x (Mititoyo M Plan Apo NIR Series) with a
numerical aperture (NA) of 0.5, working distance of 12mm and a focal length of +2mm

which results in a laser spot size of approximately 2um at the focal point.

The sample was secured to an aluminium plate which was mounted on a software-based
motion control multi-axis stage (Aerotech ABL1000). A goniometer located underneath

allows for precise manual position and angle control of the sample in the initial alignment
process.
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Figure 3-4: Laser system Z-axis setup including Z-stage opto-mechanical layout includes

viewing and machining camera.

The multi-axis stage is controlled by a high accuracy and high-resolution computer

numerical control (CNC) motion controller (Aerotech A3200) through a computer

software package (NView). The parameters of the CNC stages and controller are listed

in Table 3-1.
Axis name X Y Z Y74
Motor type Linear Linear Servo Linear
Bearing type Air Air Mechanical Mechanical
Resolution 1nm 1nm Tum 2nm
Travel 150mm 150mm 100mm 4mm
Accuracy +/-500nm +/-200nm +/-3um +/-200nm
Repeatability +/- 50nm +/- 50nm +-1um +/- 50nm
Speed (max) 300mm/s 300mm/s >50mm/s 50mm/s

Table 3-1. Parameters of CNC stages and controller.
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X-axis and Y-axis are air bearing stages, while Z-axis and ZZ-axis are mechanical stages.
Both X-axis and Y-axis can be precisely adjusted through goniometer during the
alignment. The ZZ-axis is the machining lens axis, which is together mounted with the

viewing lens along the Z-axis.

3.2 Phantom design and fabrication workflow

There were six steps involved in fabricating and validating a phantom as presented in
Figure 3-5.

1. Planning and designing 2. Preparation
- Design the pattern - Start and check the laser system
- Write and test the programme |:> - Check the laser output power
- Compile and debug the programme - Clean the relevant optical components
- Run the programme without turning - Prepare the substrate

on the laser - Align the substrate on the stage
4. Phantom optimisation 3. Phantom fabrication
- Microscope measurement <:> - Run the programme
- Modifying the parameters - Observe the parameters/variables
5. Phantom characterisation and 6. Application and commercialisation
validation

|:> - Send to various professional bodies to

- Microscope measurement validate the phantom and used as a
- OCT systems imaging and analysis calibration tool (Arden Photonics Ltd.)

Figure 3-5: Phantom design and fabrication workflow.

The preparation process involves first checking the laser system (such as chiller, air
compressor, oscilloscope and the computer-controlled shutter). After switching on the
laser system, the laser output power is measured using an optical power meter.
Subsequent to this, the relevant optical components (i.e. inscription lens, viewing lens)
are then inspected and carefully cleaned. The sample substrate can then be carefully

cleaned and aligned on the CNC fabrication stage.

The phantom fabrication and optimisation process involves running and modifying the
program and observing the resultant inscribed sample under the microscope numerous
times until a phantom has been fabricated which matches the intended design. Typically,
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this will require optimisation of the design parameters such as the writing speed,
moving/translation speed, laser pulse energy (i.e. by adjusting the attenuator position

through the program) and layer separation.

For the phantom characterisation and validation process, both microscope and OCT
system are used to measure and characterise the phantom. The microscope
measurement is typically used as a reference and OCT images are analysed and
compared with the microscope images, which also reflects back to the original parameter

settings used in the program.

Finally, for the phantom application, the phantoms are sent to different professional
bodies (who have either a research-based OCT system or commercial OCT system used
for clinical diagnosis) whom measured the samples and provided feedback on the

phantom’s suitability.

3.3 Sample substrate and material

The material used for fabrication under the femtosecond laser system is mainly fused
silica, as it is one of optimal materials to be used under most OCT systems. Fused silica
is a widely used material which is transparent across a wide wavelength range and also
exhibits high mechanical, thermal and chemical stability with low cost [98]. The standard
phantoms are made in planar substrates of dimensions 30mmx25mmx2mm (lbsen
Photonics, Denmark). However, the thickness of the substrate used in the study was
roughly around 2mm with a variation of 0.04-0.08mm. A detailed measurement of the
substrate thickness variations as measured by a precision micrometre is listed in
Appendix A. For the plano-convex lens (LA4380, Thorlabs), the sample material is made
of fused silica. It has a diameter of 25mm, a radius of curvature of 46mm, central

thickness of 3.8mm and an edge thickness of 2.0mm.

The refractive index of fused silica is dependent on the wavelength [184], data for the
wavelength range of 200nm — 1500nm, based on Malitson’s equation, is shown in Figure
3-6. This wavelength variation of refractive index is important for both the design and

calibration of the phantoms.
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Figure 3-6: The refractive index of fused silica at different wavelengths ranging from
200nm to 1500nm based on Malitson’s equation [184].

3.4 Phantom characterisation

3.4.1 Microscope

After fabrication, a bright-field transmitted light with differential interference contrast (DIC)
microscope (Axioscope 2 MOT Plus, Zeiss) was used for the characterisation of the
samples. The illumination lamp is a HAL100 (Tungsten-halogen lamp), which is
dimmable and can be adjusted to different colour temperatures, up to 3200K. For the
phantom characterisation, both 5x and 20x objective lenses were used for the
measurement. The 5x objective lens gives a larger field of view and the 20x objective
lens is used for the detailed measurements such as the layer depth and the linewidth.
No colour filter or polariser was used for the phantom characterisation. The microscope
is connected with a computer where the software (AxioVision 4.8) is used for the camera
and measurement settings, live microscope image capture with the measurement tool is

used to measure the inscription parameters.

In the software, there are few settings needed to be configured before the measurement
can take place. The camera used on the microscope is ‘AxioCam HR’ with a setting of
both ‘RGB’ colour space and ‘1300 x 1300 standard colour’ selected for the image under
the ‘frame’ section. By using the microscope to measure the sample, the ‘manual’ mode
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is used so that the depth (Z-axis) can be manually set to Oum, with a scaling unit of
micrometres (um). Under the ‘microscope’ section, different objective lenses are
available to be selected and activated. To measure the distance on the acquired image,
there is ‘distance measure’ function under the ‘measure’ section on the toolbar that can

be used.

3.4.2 OCT systems

Optical coherence tomography (OCT) system is an imaging technique that used to
provide an in vivo high resolution 3D cross-sectional imaging of a transparent medium
[2] with a penetration depth of 1-3mm [185]. Two different research spectral-domain OCT
(SD-OCT) systems (Optimec is830 and Thorlabs Ganymede) and one commercial SD-
OCT system (Carl Zeiss Cirrus HD-OCT 5000) were used for the characterisation and
validation of the OCT phantoms. The Thorlabs Ganymede series SD-OCT system has
a higher resolution, and it is used to see smaller details. It has a central wavelength of
930nm, an axial resolution of 5.8um (air) and a lateral resolution of 8um, allowing for
more accurate measurement results. The Carl Zeiss Cirrus HD-OCT 5000 is an SD-OCT
system which has a central wavelength of 840nm with an A-scan depth of 2mm in tissue,
an axial resolution of 5um (in tissue) and a lateral resolution of 15um [186, 187]. It has

a scan size of 15.5mm x 5.8mm [186].

The Optimec is830 system (Optimec Systems Limited, Malvern, UK) is a customised
OCT-based inspection instrument with a central wavelength of 830nm [154]. It is mainly
used to inspect the curvature and characterise contact lenses [154]. The system has an
axial resolution of 12um (air) and a lateral resolution of 30um [154]. It is designed to see
large areas with a measurement volume of 20 x 20 x 6 mm [154]. In this system, a super
luminescent diode (SLD) is used as a light source and it is split between the reference
arm and the sample arm by using a fibre coupler [154]. For the scanning system, a
microelectromechanical scanning system (MEMS) is employed to scan across the
sample [154]. A spectrometer is used to analyse the return combined signals from the
reference arm and the sample [154]. The cross-sectional image (B-scan) of the sample
consisted a series of A-scan (i.e. 1024 A-scans for some measurements presented in
this thesis) laterally with each A-scan containing 512 depth positions, which produces
1024 x 512 pixels for each image [154]. Essentially, an A-scan is a 1D measurement on
the Z-axis, a B-scan is a series of A-scans along the X-axis to form a 2D image and a

C-scan is multiple B-scans (slices) put together to form a 3D image. A conceptual image
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is used to show the scan size of a B-scan of 1024 x 512 pixels and a volumetric 3D C-

scan of 1024 x 512 x 512 pixels is presented in Figure 3-7.

0 X (pixels) 1024

Figure 3-7. A conceptual image showing the pixel size of a 3D OCT image and how it is
built from multiple 2D B-scans, which are in turn constructed form 1D A-scans.

These three OCT systems have different properties for comparison and were used to

validate the phantom performance. The details of those OCT systems are listed in Table

3-2.

OCT system Optimec is830 Gan;-;:g:bsseries C?—IrIID-Zgi(?'? g(;:)r(;Js
Type SD-OCT SD-OCT SD-OCT
Central wavelength 830nm 930nm 840nm
Axial resolution 12um (air) 5.8um (air) 5um (tissue)
Lateral resolution 30um 8um 15um

Table 3-2. Parameters and comparison of different OCT systems used.
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3.5 Quantitative method for sample alignment

3.5.1 Alignment procedure and focus position

A high degree of alignment is required for the fabrication process. The alignment process
usually involves subjective judgements on the focus position and a manual adjustment
to flatten the stage and to true the sample with respect to the stage. The corners of the

substrate (a typical sample is shown in Figure 3-8) are used for the alignment.

Figure 3-8. The CCD camera image showing one corner of the substrate which is used for
the substrate alignment as a reference point.

The difficulty of this process is that judgement of the focus point can be problematic due
to the imperfection of the materials shown in Figure 3-9. It can be seen that in this image
for example at the P1 focus location, the focus position can be difficult to decide between
the close to focus position and in focus position. For the P2 focus location shown in
Figure 3-9, it shows a comparison between the out of focus position and in focus position
which can be easily distinguished. However, as moving closer to the focus position, it
becomes very difficult to determine the most focused position where the inaccuracy of
the alignment can be introduced due to the subjective judgement. Moreover, this can
also cause inaccuracies in setting the focal position as those imperfections which are

typically used to set the focus position might not be located at the surface of the material.
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Figure 3-9. The CCD camera image showing different focus positions when aligning the
substrate where P1 and P2 are two different points showing the focus position. The top
left image shows the close to focus position for the P1 and the bottom left image shows
the in-focus position for P1. The top right image shows the out of focus position for P2
and the bottom right image shows the in-focus position for P2.

One improvement that has been implemented by using an inscription program is to
create a series of small sized inscriptions at different depths. The program writes five
cross patterns with a 15um Z-axis layer separation, with the bottom layer being 30um
below the believed surface position. An example of such an inscription is shown in Figure
3-10, where all five depth layers are visible. A central cross is inscribed at a bigger size
(i.e. 2 times larger than other cross inscriptions) to indicate the believed surface or Oum
layer. Ideally, if the sample is aligned at the ideal focus position, there should only be
three crosses seen (i.e. crosses inscribed at -30um, -15um and Oum) as the remaining
two crosses (i.e. crosses inscribed at +15um and +30um) won’t get inscribed as it will
above the surface of the substrate. Here in Figure 3-10, there are five crosses inscribed
which means that the sample was aligned below the surface by at least 30um which also

means that the stage is too close to the inscription lens.
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Below the surface Above the surface

Figure 3-10. The CCD camera image showing that a series of small-sized cross shape
inscriptions to help to guide when aligning the sample on the fabrication stage.

Once the surface is located, the software-controlled stage is used to adjust half of the
distance through the software-based stage controller and the other half needs to be
manually adjusted by using the goniometer. However, this presents a challenge as this
manual adjustment is heavily dependent on the subjective decision for the focus point.
Experimentally, this error has been observed to cause a focus point setting error of 20um
or more. Therefore, in order to increase the alignment accuracy, a quantitative method

is needed to overcome this challenge.

3.5.2 Screen-to-ruler method

A screen-to-ruler method was therefore proposed, developed and used to assist the
alignment to be more precise. With this method, the accuracy for the alignment can be
controlled to within £5um. To be more specific, when adjusting the stage manually via
the goniometer, the movement can be either on X-axis or Y-axis. Here, a ruler scale
printed on acetate (clear plastic ‘paper’) was attached to the inspection microscope
viewing monitor on the femtosecond laser setup (shown in Figure 3-11). When the stage
is rotated around the X and Y axis manually via the goniometer, this method can record
the exact distance the sample has moved based on the ruler scaling until the image

becomes clear (i.e. in focus position).
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Figure 3-11. A ruler scale printed on a projector paper is used to quantify the alignment
process where the printer ruler paper was attached on a PC monitor for guiding the
alignment.

An example shown in Figure 3-12 is used to demonstrate how this method works. It can
be seen from Figure 3-12(a), it shows an out of focus position at the chosen reference
point which is at 4cm along the X-axis of the ruler. By adjusting the goniometer, this
blurry reference point becomes clear as shown in Figure 3-12(b), where along the X-axis
of the ruler, it is now at the 2cm position. Therefore, a 2cm apparent movement has been
made manually by rotating the sample along the X-axis. Then the inscription program
mentioned earlier is needed to verify the focus point. Finally, after several tries, a certain
relationship between the goniometer movement and the ruler distance can be confirmed.
By using this method, it enables a high degree of alignment which can also be traced
back to the previous step even if a mistake has been made. It can quantitatively and

qualitatively improve the alignment process.
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Figure 3-12. The images showing how to apply this screen-to-ruler method in the
alignment process: (a) The image shows the out-of-focus position at the chosen reference
point where it is located at 4cm along the X-axis; (b) The image shows the in-focus position
at the chosen reference point where it is located at 2cm along the X-axis.
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3.6 Study the existing planar OCT phantom

3.6.1 Planar OCT phantom layout

In the original planar OCT phantom, four patterns were designed to be used for
measuring differing performances of the OCT systems, which are the point spread
function (PSF), sensitivity (S), lateral resolution (LR) and distortion/grid (D). Each pattern
has 8 layers in total to test for such parameters across various depths in the material.

This design has been previously developed [21] by Lee et al. at Aston University.

The purpose of this study presented in this section was to learn the fabrication process
and understand the challenges involved in the characterisation and validation process
in detail. The design is shown in Figure 3-13(a) and the fabricated OCT phantom using
previous fabrication method and design is shown in Figure 3-13 (b), and the top-view at
the X-Y plane and the cross-sectional view at the Y-Z plane conceptual images are

presented in Figure 3-13 (c).

Lateral
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Y. Lu, PhD Thesis, Aston University 2021.
73



1/_.\, Point Spread Function \ /1—~Y Lateral Resolution \
x l

T T
N—" A==

i )

PSF Sensitivity || -t

z
\
Di ion
i l/_.v Distortion \
X

s \ e
\f‘;f S
I 2

(c)

Figure 3-13. (a) Planar OCT phantom pattern conceptional layout; (b) Femtosecond laser
fabricated planar OCT phantom (previously developed at Aston by Lee et al. [21]); (¢) The
conceptual images of four test patterns for both the top-view (at the X-Y plane) and the
cross-sectional view (at the Y-Z plane) with the index lines/guidelines indicated in red.

A PSF pattern is used to measure the spatial resolution of an OCT system. It is the first
pattern shown in Figure 3-13 (b) from the left. All lines are spaced at the same distance
and inscribed with fixed pulse energy. The first layer was set to be approximately 100um
(in apparent depth (AD)) below the surface and the subsequent layer separation was set
to be 50um (in AD). There were 110 lines plus 3 index lines with a line separation of

150um and a layer offset of 25um.

The sensitivity pattern is designed to detect the smallest intensity signal that the system
can capture. It is the second pattern shown in Figure 3-13 (b) from the left. The pattern
consists of 6 sets of lines with 5 pairs in each set (i.e. 30 pairs in total) separated with
guidelines. Each pair was set at different energy levels varied in a range of 30%-39% of
the attenuator position which was set in the fabrication program. There was an even

increase (i.e. 0.3%) in the energy level from pair to pair.

The lateral resolution pattern is designed to enable quick qualitative checks of an OCT
system's resolution, i.e. the smallest line spacing that the system can resolve [21]. It is
the third pattern shown in Figure 3-13 (b) from the left. It consisted of 10 sets of lines
with the line separation varying from 1-100um, with the line separation being gradually
increased. Each set contained 11-line separations with varying line spacing at a step of

1um, for example, the line spacing for the set 1 varies from 1-10um, for the set 2 varies
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from 11-20um and for the set 3 varies 21-30um separately. Guidelines located among
each set are used to distinguish the valid test area. There was no layer offset for this

pattern, hence all lower layers are aligned with layers above.

The grid pattern is typically used to detect the system distortion, as distortion will apply
some level of transformation on the grid structure. It is the fourth pattern shown in Figure
3-13 (b) from the left. The cell size of the grid pattern was set to be 100pm x 100pm and
there was no layer offset for this pattern. Each layer is essentially the same at different
Z heights.

3.6.2 Phantom fabrication

The inscription lens used to fabricate the phantom was 100x objective lens (Mititoyo M
Plan Apo NIR) with a NA of 0.5, 100kHz for the repetition rate and the writing speed was
set to 10mm/s. The laser power was set to 35% of the maximum attenuator position (i.e.
1.03ud for energy per pulse) to fabricate PSF, lateral resolution (LR) and distortion (D)
patterns. The sensitivity pattern is inscribed by using different energy levels varying from
30% to 39% of the total output power (i.e. 880nJ-1.142uJ for energy per pulse). To avoid
scattering from pre-written lines, the inscription process is always started from the lowest
layer. This process enabled each layer to be clearly inscribed without the light path being

influenced by prior inscriptions.

3.6.3 Microscope characterisation

Before performing pattern measurements, an initial test was to measure the depth of
planar substrate by focusing on pen marks on the top and the bottom of the substrate.
The apparent depth (AD) of the top of the substrate was measured as -2025.108um and
the apparent depth (AD) of the bottom of the substrate was measured as -622.251um.
Therefore, the thickness of the substrate (in AD) can be calculated as the difference
between the top surface and the bottom surface of the substrate which was A= 2025.108
- 622.251= 1402.857um. The refractive index of 1.461 at the wavelength of 532nm was
used to calculate the real depth (RD) from the apparent depth (AD). Hence, the real
depth (RD) of the substrate can be calculated by 1402.857%1.461= 2049.574um =
2.049mm, which showed an agreement to the substrate thickness of 2mm, in which a
batch of substrates was mechanically measured by a precision micrometre as shown in
Appendix A. There is a slight difference in refractive index due to various imaging
systems having different central wavelengths (i.e. the range of 532nm -1030nm), hence
a slight difference in the refractive index, with it ranging from 1.450 to 1.461.
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3.6.3.1 Point spread function (PSF) pattern

The first pattern evaluated was the point spread function (PSF), with the measurement
starting from the top layer. The top edge and the bottom edge were selected to measure
and to be compared for the reference. The results were obtained by focusing the line on

each layer. The measurement results are shown in Table 3-3 and Table 3-4 at below.

20x microscope objective used to measure the PSF pattern (top edge)

1st pattern (AD) AD difference 15t pattern (RD) RD difference

(Hm) (Hm) (Hm) (Hm)
Surface 31.732 43.360
D1 139.026 107.294 203.117 156.757
D2 197.472 58.446 288.507 85.390
D3 249.849 52.377 365.029 76.523
D4 300.186 50.337 438.572 73.542
D5 346.545 46.359 506.302 67.730
D6 397.698 51.153 581.037 74.735
D7 448.443 50.745 655.175 74.138
D8 498.882 50.439 728.867 73.691
Average 51.408 75.107

Table 3-3. Microscope measurement results of PSF pattern at the top edge.

20x microscope objective used to measure the PSF pattern (bottom edge)

1st pattern (AD) AD difference 1st pattern (RD) RD difference

(Hm) (Hm) (Hm) (Hm)
Surface 83.181 121.527
D1 184.212 101.031 269.134 147.606
D2 235.365 51.153 343.868 74.735
D3 287.997 52.632 420.764 76.895
D4 348.942 60.945 509.804 89.041
D5 397.902 48.960 581.335 71.531
D6 443.445 45.543 647.873 66.538
D7 492.996 49.551 720.267 72.394
D8 547.179 54.183 799.429 79.161
Average 51.852 75.756

Table 3-4. Microscope measurement results of PSF pattern at the bottom edge for all layer
depths and layer separations.

By averaging the results for 8 layers, the apparent depth (AD) of the top edge was
approximately 51.4um and the real depth (RD) of the top edge is approximately 75.1um.
The apparent depth of the bottom edge is approximately 51.8um and the real depth of
the bottom edge is approximately 75.7um. The results agree to previous work. The top
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edge and the bottom edge have a very minor difference which is A= 75.7-75.1= 0.6um,
however, under the scale of micrometre (um), this difference would be negligible for an
OCT system to be detected and also the subjective judgment can lead to the

measurement error.

3.6.3.2 Sensitivity pattern

In this pattern design, pairs of lines are inscribed with the same pulse energy so that
they are two identical lines in a pair. Different pairs are inscribed with different laser pulse
energy. There are 30 energy pairs in total. The thinnest linewidth is around 1.98um
(shown in Figure 3-14) and the thicker linewidth is around 3.63um (shown in Figure 3-15).

The line separation is 150um and the layer offset is 25um.

T
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Figure 3-14. Microscope measurement of the thinnest linewidth of 1.98um in the sensitivity
pattern at the top edge (i.e. the inscription with lowest laser pulse energy of the set energy

range).
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Figure 3-15. Microscope measurement of the thicker linewidth of 3.63um in the sensitivity
pattern at the bottom edge (i.e. the inscription with higher laser pulse energy).

For the sensitivity pattern, the guideline is used to help the user to locate the test area.
The set n will be located between n and n+1 index line. In Figure 3-16, it can be seen

that it is quite easy to distinguish the area of the test lines and the index lines/guidelines.

Figure 3-16. Microscope image showing both the index lines (guidelines) and the test lines
of the sensitivity pattern as the index lines (guidelines) are used to help the user to locate
the test area.
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3.6.3.3 Lateral resolution pattern

According to the microscope, the measurements of the apparent depth (AD) for each
layer has also conducted and analysed. The layer distance keeps at around 51um (in

AD) or 75um (in RD). The measurement results are shown in Table 3-5.

20x microscope objective used to measure the lateral resolution pattern

1st pattern (AD) AD difference 1st pattern (RD) RD difference

(Hm) (Hm) (Hm) (Hm)
Surface 0 0
D1 104.244 104.244 152.300 152.300
D2 159.273 55.029 232.698 80.397
D3 209.610 50.337 306.240 73.542
D4 258.927 49.317 378.292 72.052
D5 308.040 49.113 450.046 71.754
D6 357.459 49.419 522.248 72.201
D7 418.149 60.690 610.916 88.668
D8 462.774 44.625 676.113 65.197
Average 51.219 74.830

Table 3-5. Measurement results of lateral resolution pattern for all layer depths and layer
separations.

Figure 3-17 - Figure 3-19 show the microscope measurement of the line separation for
first three sets of the lateral resolution pattern. It can be seen that Figure 3-17 shows
that the line separation is varying in the range of 1-10um for the first set. Figure 3-18
shows that the line separation is varying in the range of 11-20um for the second set and
Figure 3-19 shows that the line separation is varying in the range of 21-30um for the
third set.
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Figure 3-17. Microscope image of the line separation measurement of the lateral resolution
pattern (Set 1). For Set 1, the line separation between each inscription lines were set to be
varied in the range of 1-10pm.

Figure 3-18. Microscope image of the line separation measurement of the lateral resolution
pattern (Set 2). For Set 1, the line separation between each inscription lines were set to be
varied in the range of 11-20pm.
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Figure 3-19. Microscope image of line separation measurement of the lateral resolution
pattern (Set 3). For Set 3, the line separation between each inscription lines were set to be
varied in the range of 21-30pum.

3.6.3.4 Distortion/grid pattern

The cubic size of the grid pattern was set to be 100um x 100um shown in Figure 3-20
and it has 8 layers in total. The thickness of each line is around 2.64um. The pattern is

mainly used for the distortion detection of the OCT system.

Figure 3-20. Microscope image of line separation measurement of the grid pattern showing
the cell size of ~100um x 100pm and the inscription linewidth of 2.64um.
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Under the microscope, the layer distance for 8 layers has been measured and analysed,
shown in Table 3-6 below. However, it was noticed that the real depth difference
between each layer is approximately 72um, which is 3um different from the other
patterns. This difference could be caused by the subjective judgment for the focusing

point of the microscope when measuring the sample.

20x microscope objective used to measure the Grid pattern

1st pattern (AD) AD difference 1st pattern (RD) RD difference

(Hm) (Hm) (Hm) (Hm)
Surface 0 0
D1 110.925 110.925 162.061 162.061
D2 161.925 51.000 236.572 74.511
D3 213.180 51.255 311.456 74.884
D4 262.344 49.164 383.285 71.829
D5 314.415 52.071 459.360 76.076
D6 363.477 49.062 531.040 71.680
D7 412.488 49.011 602.645 71.605
D8 456.501 44.013 666.948 64.303
Average 49.368 72127

Table 3-6. Microscope measurement results of grid pattern for all layer depths and layer
separations.

3.6.3.5 Measurement error

It should be noted that the measurement results can be subjective when using the
manual focus of the microscope. According to the Table 3-7 at below, there are slight
differences in the measurement on the same sample based on two different persons’
measurements. It can be seen that the subjective judgment could cause the
measurement difference as shown in some measurements which can result in up to 7um
difference. For example, for the measurement of layer separation of D3, the person 1
measured and reported as 52.377um but the person 2 measured and reported as
46.92um.

Moreover, the surface of the substrate can also cause difference as the person 1 result
showing as 107.294um while the person 2 result showing as 103.428um, which presents
almost a 4um measurement difference. By minimising the measurement errors, an
average of the multiple tests can be used. After taking the average, the AD difference
become A= 51.772-51.408= 0.364um and for the corresponding RD difference become
A= 75.639-75.107= 0.532um.
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Person 1:

20x microscope objective used to measure the PSF pattern (top edge)

1st pattern (AD) AD difference 1st pattern (RD) RD difference

(Hm) (Hm) (Hm) (Hm)
Surface 31.732 46.360
D1 139.026 107.294 203.117 156.757
D2 197.472 58.446 288.507 85.390
D3 249.849 52.377 365.029 76.523
D4 300.186 50.337 438.572 73.542
D5 346.545 46.359 506.302 67.73
D6 397.698 51.153 581.037 74.735
D7 448.443 50.745 655.175 74.138
D8 498.882 50.439 728.867 73.691
Average 51.408 75.107

Person 2:

20x microscope objective used to measure the PSF pattern (top edge)

1st pattern (AD) AD difference 1st pattern (RD) RD difference

(Hm) (Hm) (Hm) (Hm)
Surface 33.762 49.326
D1 137.190 103.428 200.435 151.108
D2 194.361 57.171 283.961 83.527
D3 241.281 46.920 352.512 68.550
D4 293.454 52.173 428.736 76.225
D5 345.372 51.918 504.588 75.852
D6 395.097 49.725 577.237 72.648
D7 445179 50.082 650.407 73.170
D8 499.596 54.417 729.910 79.503
Average 51.772 75.639

Table 3-7. The comparison of the microscope measurement of PSF pattern at the top edge
for all layer depths and layer separations between the Person 1 and the Person 2 to show
that the measurement difference can be caused by subjective judgement which leads to
the measurement errors.

In Figure 3-21, three different positions were selected to show how much the differences
in depth can be at different focus positions. Figure 3-21(a) shows if focused on the top
of the inscription, the depth was measured as 97.791um, at this point, the image was
not completely focused as it still blurred at the edge of the inscription. Figure 3-21(b)
shows if focused on the middle of the inscription, which was treated at the focus position
for the measurement, the depth was measured as 102.816um. Figure 3-21(c) shows if

focused on the bottom of the inscription, the depth was measured as 108.018um. It is
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noticeable that from the top of the inscription to the bottom of the inscription, there is
around 10.227um distance, by having such span, that is where the measurement error
comes from. However, by having multiple times of the measurement, an average
measurement value is used to minimise the measurement error caused by the subjective

judgement.

(b) (c)

Figure 3-21. Microscope images using a 20x objective lens indicating how the focus
position was determined for the measurement: (a) when focused on the top of the
inscription at 97.791um; (b) when at the in-focus position at 102.816um; (c) when focused
on the bottom of the inscription at 108.018um.

3.6.4 OCT systems characterisation

3.6.4.1 Point spread function (PSF) pattern
The OCT image shown in Figure 3-22 was taken using the Optimec is830 system. It can

be seen that the index lines are located at two ends of the pattern. The layer separation
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is 76.4um (in real depth (RD)) which closely matches the value measured by the
microscope of 75.7um. The line separation is ~152.8um which is really close to the

designed value of 150um.

Figure 3-22. OCT image of point spread function (PSF) pattern (taken by Optimec is830
system with a central wavelength of 830nm and an axial resolution of 12um (in air).

3.6.4.2 Sensitivity pattern

The second pattern on the OCT phantom is the sensitivity pattern. It can be seen from
the Figure 3-23 that there are totally 6 sets separated by index lines/guidelines. There
are 5 pairs in a set, therefore 30 pairs in total. Each pair has different energy level varied
at a range of the power (i.e. 30%-39%) so that there are 30 different energy levels.
Therefore, for set 1, the energy level varies from 30% to 31.2% with an incremental
difference of ~0.3% for each pair. For the set 2, the energy level varies from 31.6% to
32.8%. The layer separation is around 72.3um which matches the theoretical value
which is set to 50um in apparent depth (AD) or 73.05um in real depth (RD). The line
separation is around 150.1um which also matches closely to the theoretical value which

is set to 150um.

Set 1 and 2 show missing lines at the bottom of the image illustrating the sensitivity limit
of the measurement system. By comparing scans at a later date, the user can gain

reassurance that the sensitivity of the system has not decreased due to misalignment.
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Figure 3-23. OCT image of sensitivity pattern (taken by Optimec is830 system with a central
wavelength of 830nm and an axial resolution of 12um (in air).

3.6.4.3 Lateral resolution pattern

The lateral resolution pattern shown in Figure 3-24 has 10 sets with each set having 11
lines. The line separation varied from 1-100um with 1um increments. The line separation
is around 91.2um which matches to the designed value which is around 91um. The layer
separation is around 76.2um which matches to the microscope measurement value of
74.8um.

Line seperation:

Layer seperation:
v 76.2 ym

Figure 3-24. OCT image of lateral resolution pattern (taken by Optimec is830 system with
a central wavelength of 830nm and an axial resolution of 12um (in air).
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3.6.4.4 Distortion/grid pattern

The distortion/grid pattern shown in Figure 3-25 has a cell size of 100.3um which
matches closely to the theoretical value of 100um. It has a layer separation of ~72.6um

which matches the microscope measurement result of 72.1um.

Figure 3-25. OCT image of distortion pattern (taken by Optimec is830 system with a central
wavelength of 830nm and an axial resolution of 12um (in air).

3.7 Chapter conclusions

In conclusion, this chapter presented the specifications and operating performance of
the femtosecond laser system used to fabricate the phantom with the following section
describing the phantom design and fabrication workflow. The sample substrate and
material has also been introduced. The quantitative method used to improve the
alignment accuracy has been demonstrated as an alignment process can be time-
consuming and the flatness of the substrate can affect the fabrication results significantly.
The equipment used for the phantom characterisation has then been introduced. A
detailed study of the existing OCT phantom previously developed at Aston has been

presented with the measurement error discussed.
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Chapter 4

Fabrication optimisation

This chapter presents the research work for the study on the laser power and the
fabrication optimisation. The chapter starts with a brief introduction presented in Section
4.1 to discuss the current issue and further improvements that needed on the fabrication
process optimisation. Section 4.2 demonstrates the design and fabrication of a laser
power test pattern which is used for the laser power study. A detailed study focused on
investigating the correlation between the laser pulse energy and the inscription size
which is the inscription linewidth study on the X-Y plane presented in Section 4.3 and
the inscription height study on the Y-Z plane presented in Section 4.4. The findings from
those studies directly contribute to standardisation and optimisation of the phantom
fabrication process. Section 4.5 discusses the fabrication optimisation implemented on

a revised design to verify the findings.
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4.1 Introduction

Femtosecond laser direct writing is a laser-based method that enables a highly accurate
fabrication process and finish inside of the material. One of the most challenging aspects
of the femtosecond laser inscription is that it is difficult to keep the size of inscription
consistent at different depths inside of the material. This is due to inducing the nonlinear
Kerr effect of the laser beam self-focusing when the power is exceeding the critical power
value [188] and the depth dependent spherical aberration. However, it is extremely
important when fabricating optical calibration devices such as OCT phantoms as the
inscription size is directly affected by the laser pulse energy applied. Therefore, a
comprehensive study was needed on the correlation between the laser pulse energy
and the inscription size so that the appropriate laser pulse energy can be applied to
obtain the same size of the inscription at various depths with minimising the self-

focussing effect,

In this section, the correlation between the laser pulse energy and the inscription size is
investigated and quantitatively analysed. The femtosecond laser direct writing technique
was used to fabricate test patterns which were characterised with an optical microscope
and an OCT system. Here, the inscription size is not only investigated in the X-Y plane
(i.e. the inscription linewidth) and also in the Y-Z plane which is the cross-sectional image
of the test pattern (i.e. the inscription height) which is the same perspective that viewing
under an OCT system. The findings of this study benefit the further development of the

new phantoms shown in this thesis.

4.2 Laser power test pattern design and fabrication

The previous research findings show that the laser energy can heavily affect the laser
induced modification [189, 190]. In order to study and analyse how the variation of the
laser pulse energy can affect the inscription size, a test pattern was designed that covers
the full power range of the laser system. The laser power test pattern was designed and
written as a CNC program, which in the program, the laser power was set to start from
5% to 100% of the total average output power with a step of 5% of the total average
output power increase from pair to pair. The output power was measured from 15mW to
308mW, which corresponds to a pulse energy from 150nJ to 3.08ud per pulse at the
repetition rate of 100kHz and a pulse width of ~500fs. The average laser output power

was measured by an optical laser power metre before this test pattern was fabricated as
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part of the preparation work. The substrate used was planar fused silica with a dimension

of 30mm x 25mm x 2mm (Ibsen Photonics, Denmark).

The pattern was inscribed within the substrate with the top pattern layer located at
100um (in apparent depth (AD)) below the front surface. There were eight layers in total
inscribed and the same pattern was inscribed to all the layers located at various depths.
For the parameter settings, the layer separation was set to 150um (in AD) and the total
inscription depth was around 1150um (in AD). Each layer pattern shown in Figure 4-1(a)
consisted of 20 energy pairs, which started from 5% for the first energy pair, and then
10%, 15%, 20% with a step of 5% increase for following pairs and then the 100% of the

total average output power was used for the last pair.

The index line which was located in the middle was inscribed with 100% of the laser
power vertically so that it could be easily recognised and distinguished. Each energy pair
included two lines which were inscribed with same pulse energy with the writing
directions of +X direction and -X direction along the X-axis, which was set to 20pm apart
between each line and there was 200um apart between each pair. There was a 25um

layer offset between each layer to reduce the back scattering.

A 3D conceptual design diagram was showed in Figure 4-1(b) to illustrate the idea that
how the overall test pattern looks like inside a substrate with the cross-sectional slice
indicated to present the depth information of the pattern. It can be seen that on the Y-Z
plane shows the cross-sectional image which is how the OCT system usually scans the

sample in a 2D scanning mode.
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Figure 4-1. The conceptual design for the laser power test pattern showing the design
parameters: (a) the view from the X-Y plane with the parameters indicated; (b) a 3D view
for the test pattern inside a substrate, where the Y-Z plane showing the cross-sectional
image which is how the OCT system usually scans the sample in a 2D scanning mode.

For the fabrication method, the substrate was carefully cleaned and aligned on the
fabrication stage to ensure its flatness of the surface. The CNC program was compiled
and executed by using the NView software. The fabrication was started from the most
bottom layer (i.e. at the depth of 1150um (in AD) from the font surface) to avoid any

scattering caused by any pre-written inscription. As the stage moved downwards, the
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successive layer patterns were inscribed layer by layer. The test pattern was inscribed
layer by layer as the pattern consisted of multiple laser energy pairs with each pair had

different laser pulse energy applied.

Moreover, an index line was inscribed in the middle for each pattern layer for a position
reference. It is useful when quantifying the inscription under the microscope as it can
help to improve the consistency of the measurement position. The total laser fabrication

process took around 10 minutes to fabricate this test pattern.

4.3 Laser power test pattern characterisation on the X-Y plane

After the fabrication, the sample was then characterised by using an optical microscope
and validating by OCT systems after the characterisation. For the microscope images,
both a 5x objective and a 20x objective lens were used to inspect and characterise the
inscription on the X-Y plane. In Figure 4-2, a 5x objective lens was used to inspect the
sample and provide an overview of the pattern structure. The separation between pairs,
the pair separation and the line separation in a pair have been measured, which are in
good agreement with the designed parameters. It can be used to demonstrate how

accuracy and smooth finish by using a femtosecond laser for the fabrication.

Figure 4-2. The microscope image using a 5x objective lens is to inspect the laser energy
test pattern, which shows the pair line separation is measured as 20.11uym, the pair
separation is measured 199.73um and the separation between pairs is measured as
179.62um.

In Figure 4-3, a 20x objective lens was used and the microscope image shows that the

real measurement of the laser power test pattern that matches to the design parameters
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settings. It can be seen that the line-to-line separation in a pair was measured as
~20.76um and the line pair to line pair separation as 200um. The pair edge to edge
separation was measured as ~180.37um. At here, it has around 1um measurement error
existed, which was due to the variation on the exact measurement position. However,
based on the real measurements of the inscription, it matched to the design parameters
setting in the fabrication CNC program, which can also demonstrate the accuracy of the

fabrication process by using a femtosecond laser direct writing technique.

Figure 4-3. Microscope image using a 20x objective lens shows the inscribed laser power
test pattern with the line spacing (measured as 20.76um), the pair spacing (measured as
200um) and index line annotated in the middle.

For the study on the inscription linewidth, a full set of measurement of the linewidth (i.e.
the line thickness) on the X-Y plane was carried out with findings presented at the
following section. For the measurement position, it involved with subjective judgements
on where should be the most focused position along the depth (i.e. the Z-axis) and also
where should be used as the measured position along the line. With regard to the
determination of the focus position along the depth, for the measurement of the
inscription dimension, the measurements involved multiple in and out movements to
determine the focus position. It can be difficult sometimes when examining the inscription
which is fairly small (i.e. less than 2um for the line thickness). In order to keep the
consistency of the measurement position on the inscription, a vertical index line located
in the centre of the inscription was used. The measurement points were selected around

the index line.
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To ensure the accuracy for the measurement on the linewidth, once confirmed with the
in-focus position, multiple points were chosen from both sides of the index line and on
both lines inside a pair presented in Figure 4-4, so that an average of the measurement
values was taken into account to the final readings if the readings were slightly different.
This allowed a series of lines in the test pattern was inspected and measured, so that a
set of data was generated and analysed for the correlation between the laser energy

and the linewidth.

Figure 4-4. Microscope image using a 20x objective lens showing how the measurement
of the inscription linewidth were taken and the measurement points (i.e. 4 measurement
points) were selected. In this image, it shows that the linewidth is measured as 5.27um for
the top pair of inscriptions and 4.94um for the bottom pair of inscriptions.

In order to get a full dataset of the linewidth on the X-Y plane, 160 pairs of inscription
lines with different energy levels were inscribed and measured, with 20 measurements
for each layer. In total, there were 8 layers of test patterns included in this test pattern
structure. Here presented in Figure 4-5, the first layer of the test pattern located at 100um
below the front surface was presented to demonstrate how the measurement process
was carried out. From Figure 4-5 (a) to (j), it presents the inscription applied with different
laser energy levels. In each image, it contains two energy levels with a 5% step. For
Figure 4-5 (a), a 5% of the output power (the lower pair of the lines in the image) was
used to inscribe, which produced a 0.66um linewidth and 10% of the output power (the
upper pair of the inscription lines in the image) was used to inscribe, which produced a
0.99um linewidth. The measurement data from microscope images shown in Figure 4-5,
confirms that with the increase in the laser pulse energy applied, the linewidth of the

inscription increased to a maximum of 100% of the output power was applied, resulting
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in a linewidth of 6.92um ( Figure 4-5(j)). This variation needs to be considered in the

design parameters of the fabrication.
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(f) 55% (left): 1.63pJ; 60% (right): 1.79pJ

(€) 45% (left): 1.35uJ; 50% (right): 1.48uJ

(h) 75% (left): 2.24pJ; 80% (right): 2.4pJ

(9) 65% (left): 1.94pJ; 70% (right): 2.1pJ
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(i) 85% (left): 2.56pJ; 90% (right): 2.72ud  (j) 95% (left): 2.9uJ; 100% (right): 3.08pJ

Figure 4-5. Microscope images using a 20x objective lens of the first layer of the laser
energy test pattern to demonstrate the sample measurement process, where from (a) to
(i), it represents the inscription was applied with different laser energy levels, with (a)
representing with 5% of the laser power (i.e. 150nJ for energy per pulse at 100kHz), and (j)
representing with 100% of laser power (i.e. 3.08uJ for energy per pulse at 100kHz).

4.3.1 The correlation between the inscription linewidth and the laser
pulse energy at the X-Y plane

The correlation between the laser pulse energy and the linewidth can be further
investigated through data analysis. The measurement data was plotted with a trendline
fitted as shown in Figure 4-6. It can be seen that this data strongly correlates with a linear
trend line. From this graph, a lot of information can be gained and used for understanding
the correlation between the linewidth and the laser pulse energy. it can be used as a
calibration look up table to determine the correct laser energy level that can be used to

get the expected linewidth at the required depth and vice versa.

Moreover, to keep the consistency of the linewidth for various depth, the graph can be
used to find out what the laser energy should be used for each depth. For example, if a
3um is a desired inscription linewidth for every depth, from the graph, the average laser
power in percentage of the total power should be used for the depth of ~100um is around
40%, then for the depth of ~250um is around 45%, then for the depth of ~400um is
around 50%, and so on. It can also be used to predict if a fixed laser pulse energy is

applied to every depth of the inscription, what the linewidth can be gained. For this, a
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vertical line can be drawn at the corresponding laser power in Figure 4-6. For instance,
if 30% of the laser power is set to use for all the inscription, it can be seen that different
linewidth size will be produced at different depths such as at the depth of ~100um,
around 2.6um linewidth can be achieved and at the depth of ~700um, only around 1um

linewidth can be reached.
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Figure 4-6. The graph shows the correlation between the linewidth and the laser power
based on the microscope measurement data at the X-Y plane at eight different layer depths
ranging from 100um to 1150um with trend lines and error bars indicated.

Previously, the control of the laser power had only been considered the X-Y plane and
the power variation with depth had been ignored. This is not ideal for optimisation the
fabrication. What also became apparent was that measuring the linewidth in the X-Y
plane does not provide any cross-sectional information about the dimensions of the line

in the Z-axis, which will be therefore discussed in the next section.

4.4 Laser power test pattern characterisation on the Y-Z plane

This section presents the research on the investigation of the correlation between the
laser pulse energy and the inscription height along the Z-axis (i.e. the Y-Z plane).
Filamentation and spherical aberration can be damaging to the precision of the
fabrication as they distort the axial focus. However, as this cannot be observed on the

X-Y plane, a further study was required to understand the full 3D dependence on the
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laser power and the depth in the Y-Z plane due to the spherical aberration and the self-

focusing.

The same laser power test pattern was used for the captured images of the cross-
sectional profiles under both the microscope and the OCT system. Both a 5x objective
lens and 10x objective lens were used for viewing the sample and capturing the images
under the microscope which a 5x objective lens provided a broad view and a 10x
objective lens provided more detailed look on the inscription. A conceptual drawing of
the cross-section of the laser power test pattern is shown in Figure 4-7 so that it can
easily distinguish each plane which is referred in this section. The Y-Z plane provides

the information on the inscription height.
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Figure 4-7. Conceptual diagram for the cross-sectional profile of the laser power test
pattern on the Y-Z plane with the parameters indicated.

To obtain the cross-sectional images, the sample has to be placed upright by turning 90
degrees so that the side of the substrate can be viewed under the microscope. However,
there was one issue presented when doing this way as the height of the substrate

exceeded the distance between the stage and the objective lens.

There were two options to overcome this limitation. The first option was cut the substrate
into smaller piece so that the substrate height can meet the focal length requirement.
However, this option is time consuming for preparing the sample. It could also cause
damage to the pattern, such as cracks when cutting the glass and also the flatness and

the smoothness of the surface which can affect the accuracy of the measurement results.

The second option is to attach the sample substrate to another heavier objective by using
a thin layer double-sided tape so that the cross-sectional area can be showed. This

option allowed the sample to be located within the illumination hole of the stage and
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allowed certain lenses to be used for imaging the lines. In this section, all the images

and measurements were using this option presented in Figure 4-8.

/4

Figure 4-8. The microscope setup for capturing the cross-sectional images.

After the microscope setup, a 5x objective lens was firstly used to focus and inspect for
a general overview and then a 10x objective lens was used to gain a closer detailed look.
By viewing the sample cross-sectionally, the real depth of the layer separation can be
then measured, which also can be used to work out the refractive index of the
microscope and the wavelength of the light source used. It can be seen from Figure 4-9,
the measurement of the inscribed line height for E15 (i.e. 75% of the total laser power
so that 2.24uJ energy per pulse at 100kHz) was 40.13um and the inscription height for
E16 (i.e. 80% of the total laser power so that 2.4uJ energy per pulse at 100kHz) was
41.1um at the apparent depth of ~250um.

For the layer separation, three measurements were taken which had an average value
of 219.13um. The setting parameter of the layer separation was set to 150um in apparent
depth (AD) in the program. Therefore, the refractive index can be calculated through the
relationship between the apparent depth (AD) and the real depth (RD), which yields the
refractive index of 219.13um/150um=1.461. Referring to the refractive index curve of the
fused silica based on the dispersion equation derived by Malitson [184] presented in
Section 3.3, the corresponding wavelength for the refractive index of 1.461 can be
determined as 525nm. This allows the wavelength of the imaging system can be

determined based on the design parameters and the experimental data even its unknow
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beforehand. Moreover, by viewing the inscription cross-sectionally, it can provide

information about how the laser power can affect the dimensions of the inscription lines.

Figure 4-9. The cross-sectional image of the laser power test pattern by using a 10x
objective lens showing a detailed view of the inscription with the measurement of the
inscription height (i.e. 40.13um for 75% of the laser power at ~250um depth in AD) and the
layer separation (i.e. ~219um) indicated. In this image, it shows the cross-section of the
higher energy levels (i.e. 75% - 85% of the total laser power) at top layers (i.e. 250pm -
550um for the apparent depth from the top surface). The pair separation was measured as
200.94pm.

A detailed cross-sectional image of the test pattern is presented in Figure 4-10, which
includes the whole range of the laser energy levels and all the inscription layer patterns
with the measurement value indicated at bottom of each inscription image. From Figure
4-5 and Figure 4-10, it can be seen clearly that when increasing the laser power, both
the inscription linewidth and the inscription height is increased. However, unlike the
linewidth observed in the X-Y plane which seems to have a linear trend, the cross-

sectional images for measuring the inscription height shows non-linear trends.

As the inscription moves to large depths, a critical issue for the fabrication can be caused
by spherical aberration [111]. With the peak power intensity varied with the depth along
the axial direction, when it is close to the real focal point (i.e, for the depth of ~100um),
the fabrication is hardly affected by the spherical aberration as at this depth that axial

focal remains undistorted [110].

However, it can be seen in Figure 4-10 that at a deeper depth (i.e. the depth beyond
250um), the elongation of the inscription becomes more apparent due to the extended

dimension of the writing focus [110, 111]. Moreover, it can be seen that when the pulse
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energy increases [70], the inscription height increases which is still close or around to
the geometrical focus [118]. This trend continues until a certain depth is reached, where
the inscription tends to become smaller at deeper depths beyond which is probably due
to the peak intensity degradation as a result of a rapid peak intensity reduction and
severe focal distortion [111]. With the power loss when travelling to a deeper depth, a
higher energy level is required to sustain a similar level for the refractive index

modification [110]. Therefore, there is a shift to a higher energy level for deeper depths.

Moreover, self-focusing is another issue when inscribing the structure with a higher pulse
energy which can distort the inscription structure. In theory, self-focusing can only
happen when the critical power of self-focusing is exceeded. The critical power for fused
silica at the wavelength of 1026nm is about 3.75MW [117, 118]. For a laser with a 500fs
pulse duration, the critical power of the self-focusing for the pulse energy is calculated
as 1.877uJd. According to the theoretical calculation, the critical power of the self-focusing
should be exceeded if the pulse energy above 1.877uJ, which corresponds to ~63% of

the laser average output power.

In Figure 4-10, when the laser power increases to 65% or above, significant changes in
inscription dimension can be seen with the presence of the filamentation phenomena,
which is suspected to be caused by the self-focusing [118] associated with multiple
filaments which is probably due to the refocusing of the laser beam of the self-focusing
effect [191]. When the pulse energy is sufficiently high, self-focusing of the laser beam
become observable and it can be repeatably seen until the intensity significantly

decreases [192].
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34.83 40.13 | 42.9 4424 4559 46.95 49.70 5496 56.30 58.98
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48.26  52.28 57.63  58.93
3217  34.85 58.98 67.04

30.85 32.01 36.19  40.21 80.43
21.45  29.51 34.85 37.41 4563 49.60 65.62 91.15 104.56
(b)

Figure 4-10. The microscope images showing the cross-sectional profile of the laser test
pattern using a 5x objective lens: (a) the laser power of 5% - 50% of the total power (i.e.
150nJ - 1.48pJ for energy per pulse); (b) the laser power of 55% - 100% of the total power
(i.e. 1.63uJ - 3.08uJ for energy per pulse).
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4.41 The correlation between the inscription size and the laser pulse
energy at the Y-Z plane

In order to understand the correlation between the inscription size and the laser pulse
energy in the Y-Z plane, a line plot diagram for each layer was generated and shown in
Figure 4-11. For the first layer pattern inscribed at the depth of ~100um, the trend for the
inscription height is similar to that seen for the linewidth and shows a gradually linear
increase with laser power. However, as shown in Figure 4-10 and Figure 4-11 between
the inscription height inscribed at 10% which measured 10.72um and for the 100% which
measured as 46.95um results in a ratio of four. A similar trend shows for the second

layer which the inscription is located at ~250um.

From the inscription depths of ~400um and ~550um, there is a rapid change in
inscription size, due to the distance to the surface becoming larger. This results in
spherical aberration affecting to the axial focus to a much greater level as the focal point

is moving away from the optimal focus point of the laser beam.

At higher energy levels, as the critical power of self-focusing is exceeded, the
filamentation, presented as an elongated water-drop like shape, appears with the
spherical aberration, this results in the laser inscription becoming more elongated. The
most dramatic changes happen at deeper depths from ~850um. It can be seen that a
significant increase in inscription size happens at 65% of the laser power for the depth
of ~850um, at 75% of the laser power for the depth of ~1000pm and at 80% of the laser
power for the depth of ~1150um. Therefore, there is a shift to a higher laser power for
deeper depth for the onset of filamentation where the inscription shape is elongated
along the depth significantly which results from the combined effect from both the

spherical aberration and the self-focusing.
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Figure 4-11. Summarised line plot diagrams present the correlation between the
inscription height and the laser power based on the microscope measurement for all eight

layers in the Y-Z plane showing the possible onset of filamentation. Large scale figures
are included in Appendix B section for reference.
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An OCT image shown in Figure 4-12 illustrates the laser power test pattern under an
OCT system (Optimec is830 OCT system). It can be seen that the inscription size tends
to become larger when the laser power increased. However, at deeper depths with a
higher pulse energy (i.e. above 60% of the laser power), the shape of the inscriptions is
getting elongated to a water drop shape caused by the spherical aberration and the self-
focusing that distorts the axial focus, therefore a higher pulse energy above the self-

focusing critical power should be avoided.

Ideally, the power range should be selected below the self-focusing critical power, which
is around 63% of the total laser power for the laser system used. Moreover, in order to
keep a consistent inscription size, the laser energy pulse for different depths should be
adapted and varied so that a similar size of the inscription can be maintained at all the

inscription depths.
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Figure 4-12. OCT image taken by Optimec is830 SD-OCT system showing the laser power
test pattern with a scan size of 4.94mm x 4.55mm with a pixel size of 4.94um x 8.89um. The
red quadrilateral shape labelled in the image is the ideal laser power range that should be
used for the inscription while the green square shape highlighted in the image shows
inscriptions that are elongated significantly at this power range, which should be avoided
as the inscription shape is distorted.
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4.5 Laser power optimisation

By imaging the cross-sectional profile of the layer thickness on the X-Z plane, useful
information on the inscription size variation affected by the laser power can be obtained.
This also demonstrates the reason why changing the laser pulse energy is necessary at
different depths. However, the cross-sectional profile only allows for the closest line of
the inscription layer set which means either the first line of a layer set (i.e. the inscription
fabricated with the lowest pulse energy) or the last line of the layer set (i.e. the inscription
fabricated with the highest pulse energy) of the test pattern can be viewed. Here, the last
line of the layer set was chosen as it can show more information on the elongation of the

inscription as the pulse energy far exceeded the critical power for the self-focusing.

From Figure 4-13(a) to Figure 4-13(c), different laser settings are used to illustrate the
inscription size variations. Figure 4-13(a) shows the microscope image using a 5x
objective lens to present the cross-sectional view of the laser power test pattern that
used 20% of the laser power with a smaller layer separation of 50um setting among
layers. When the lower level of laser power was used (i.e. 20% of the total average
output power) at shallower depths (i.e. 450um depth in AD), the layer thickness seems

to be quite consistent with little or no elongation.

Figure 4-13(b) shows the microscope image of the cross-sectional view of the phantom
structure that used 80% of the laser power for all layers but with a larger layer separation
of 150um. It can be seen from this image that as the laser pulse energy has been
increased, the layer thickness become thicker compared with Figure 4-13(a). With the
depth increased at higher pulse energy, the elongation of the inscription increased
significantly. Therefore, if a deeper layer inscription is desired, the same laser pulse
energy applied to every depth would not be feasible as the elongation of the inscription
caused by both spherical aberration and self-focusing which would heavily affect the

inscription dimension as the axial focus is distorted.

Therefore, in order to optimise the fabrication and to minimise those distorted effect
caused by Kerr-induced self-focusing at higher energy levels above the self-focusing
critical power and the spherical aberration at greater depths, a range of the energy levels
were selected with the fabrication method optimised based on the study presented in
previous sections (Section 4.3 & Section 4.4) so that at each depth, a different laser
energy level can be applied to maintain the same inscription dimension and compensate
the power loss at the deeper depth without exceeding the critical power to induce the

self-focusing and minimise the spherical aberration.
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The optimal range of the laser power was set to 20%-55% to generate a linewidth around
2+0.6um, where 0.6um is not an inscription width variation range but the measurement
error (discussed in Section 3.6.3.5). These optimal results for the laser power were used

for the later phantom fabrication presented in the latter chapters.

In Figure 4-13(c), the microscope image shows the inscription with a larger layer
separation of 150um that used the optimised fabrication method, which it can be seen

that the layer thickness is more consistent and uniform at all depths of inscription.

(a)
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(b) (c)

Figure 4-13. The microscope images using a 5x objective lens show the cross-sectional
view of the layer thickness: (a) inscription made with 20% of the laser power with the total
inscription depth of ~450um (in AD); (b) inscription made with 80% of laser power with the
layer separation of 150 ym with the total inscription depth of ~1150 pm (in AD); (c)
inscription made with various laser power applied for each layer varied from 20% to 55%
with the layer separation of 150 ym so that resulted in the total inscription depth of ~1150
um (in AD).

4.6 Chapter conclusions

In this chapter, a detailed study to investigate the correlation between the laser power
and the inscription size. As the inscription is a 3D structure, all three dimensions have
been studied. The correlation between the inscription linewidth and the laser power at
the X-Y plane showed as a linear relationship. However, when viewing the inscription
structure cross-sectionally, all the inscriptions can be seen, the inscription size has been
individually examined so that to be quantitatively analysed. Finally, after a series of
studies on the laser power and the inscription size, an optimal range of laser powers has
been selected with the fabrication method revised so that at every single depth, different
laser energy level can be applied. It has then been shown through further fabrication of

samples to give a consistent and uniform size of inscription.
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Chapter 5

Planar OCT calibration phantom

This chapter presents work on the planar OCT calibration phantom development. A new
fabrication method (Section 5.2) is introduced that is designed to optimise the fabrication
process. After discussing the fabrication approach, characterisation of the new phantom
design is presented (Section 5.3) which includes both the microscope characterisation
and the OCT system characterisation. A detailed side-by-side comparison is made

between the previous design and the new optimised design to show the improvement.
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5.1 Introduction

Through the detailed study of the previous existing femtosecond laser inscribed planar
OCT phantom developed by Lee et al. [21], limitations in the fabrication method are
evident when inscribing at a deeper depths inside of the material. The existing software
design was optimised for inscription speed but only allowed the same laser pulse energy
to be applied to all the depths. When extending the design to inscribe at a greater depth,
a higher laser pulse energy is required to inscribe visible lines. An additional complication
is that beyond a certain laser pulse energy self-focusing of the laser beam starts
appearing. This causes the resulting inscription to be elongated with the presence of the
spherical aberration when the inscription depth is increased, which can significantly
affect the fabrication quality. It is important that the inscription size should keep
consistent and uniform throughout the phantom. To achieve this, a new fabrication
routine was developed, which allows various levels of the laser pulse energy to be
applied according to the inscription depth so that a consistent inscription size can be

achieved even when inscribing at a greater depth with a higher laser power.

In this section, the femtosecond laser direct writing technique was used to inscribe the
phantom structure in planar fused silica substrate. An optical microscope and an OCT
system were used to characterise and validate the OCT phantom. Although the patterns
look similar to that presented in chapter 3, all of them required re-coding to meet the
requirements of both additional depth and consistency of inscription size. These were
achieved by varying the pulse energy at each layer to minimum the self-focussing of the
laser beam. This improvement enabled the optimisation of the fabrication process on the

phantom.

5.2 Advanced planar phantom design and fabrication

The advanced phantom design shown in Figure 5-1 is extended in depth from the
previous phantom design [21] (refer to Section 3.6) and includes: point spread function
(PSF), sensitivity (S), lateral resolution (LR) and distortion (D) grid phantom patterns.
These patterns can fulfil the general requirement for assessing the various performances
of being a standard calibration phantom. However, the previous inscription approach
would only allow one pulse energy level to be used for all depths. With the laser power
increased to reach greater depths, it will result in filamentation caused by the self-

focussing of the laser beam with the linewidths varied with depth.
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JHI

(a)

Cross-sectional view of the new design

Cross-sectional view of the previous design

(b)

Figure 5-1. Femtosecond laser inscribed phantom (based on the previous phantom design
developed by Lee et al. [21]) with a greater inscription depth: (a) the front face of the
phantom with four patterns indicated; (b) the cross-sectional view for both the current
design and the previous design to demonstrate the difference in inscription depth.
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The previous fabrication method (used to fabricate the phantom presented in Section
3.6) was ideal for the inscription at smaller depths (i.e. inscribed at the maximum depth
of 450um (in AD) which is approximately 657um (in RD)) shown in Figure 5-1(b).
However, most of the OCT system have the penetration depth of 1 to 3mm [185] and
consequently a deeper depth inscription will benefit most OCT users. The thickness of
the planar substrate is 2mm, therefore, the main purpose of this work was to see whether

patterns reaching the maximum depth with a minimum of self-focusing could be achieved.

The parameters of the laser pulse energy in this chapter were based on the findings
presented in Chapter 4 and the results shown in Figure 4-10. The same fused silica
substrates with a dimension of 30mm x 25mm x 2mm (lbsen Photonics, Denmark) were

used to fabricate the phantom.

As with the previous approach, the laser inscription always started from the bottom layer
to the top layers so that to avoid the scattering from the pre-written structures. However,
the previous fabrication method writes in a slice-by-slice manner which means that for a
slice of inscription, the laser starts from the bottom layer and writes a line, and then
moves towards to the top until all 8 lines are written so that a slice is completed (shown
in Figure 5-2(a)), then it moves to the next slice, and this process is repeated until the
completion of the pattern. This has the benefit of a time optimised inscription as it

minimises movement on the X and Y axes.

However, if the energy needs to be changes for each layer this approach becomes
problematic because changing the energy is a relatively slow process and would become
a dominant factor in the inscription speed. The diagrams shown in Figure 5-2 describe
this vertical inscription process further. Therefore, a new fabrication approach is needed
to enable various pulse energies applied at different depths. The fabrication process will

be presented individually in the following section for each phantom pattern.
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Figure 5-2. lllustration of the previous fabrication process: (a) the inscription writing
direction on the X-Z plane for one slice where L1- L8 indicating the layer number at
different depths; (b) the writing process for a structure. Note the red arrows signify stage
movement between each slice without inscription, black lines signify inscription and
green arrows denote stage movement within a slice without inscription.

All four phantom patterns have eight pattern layers inscribed inside the fused silica
substrate. All the pattern structures were inscribed at a speed of 10mm/s. The repetition
rate for the laser system was set to 100kHz. The inscription lens used was the 100x
Mititoyo M Plan Apo NIR objective. There was a layer separation of 150um (in AD)
setting between layers with the first layer located at 100um (in AD) underneath of the
front surface of the substrate. For the index lines, there was 75um setting for the index
line separation. There was 100um for the separation between the index line and the test

pattern. The laser energy and the depth settings were listed in Table 5-1 at below.

Layer Depth Attenuator Average Pulse
Number (um) position (%) power (mW) energy (nJ)
D1 100 20 58 580
D2 250 25 73 730
D3 400 30 88 880
D4 550 35 103 1030
D5 700 40 117 1170
D6 850 45 135 1350
D7 1000 50 148 1480
D8 1150 55 163 1630

Table 5-1. The parameter settings for the depth, attenuator and the measured values of the
laser output power (in mW) and the corresponding energy per pulse (in nJ) at the repetition
rate of 100kHz.
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For the PSF, lateral resolution (LR) and grid/distortion patterns, the laser pulse energy
was set as per Table 5.1 for the corresponding depth. For example, for the depth of
100um (in AD), the attenuator was set to 20% so that 580nJ energy per pulse was
applied to that depth. The energy range of 20% - 55% of the total average output power
was based on the findings (presented in Chapter 4) on the correlation between the
linewidth, the inscription height and the laser pulse energy such that the inscription size
can be kept as a similar size. Moreover, a low pulse energy was preferred to avoid any
distortion effects caused by spherical aberration and self-focusing. For the PSF and the
sensitivity pattern, a layer offset of 25um was set in this pattern to reduce the effect
caused by the multiple backscattering from other layers when measuring under the OCT
system [21]. All the index lines were inscribed at the same pulse energy with the

maximum power so that it can be easily recognised and used to guide the location.

5.2.1 Point spread function (PSF) phantom

The point spread function (PSF) phantom was designed to assess the spatial resolution
of the OCT system, which is a fundamental parameter of the system imaging quality
[193]. If the structure size is much smaller than the resolution of the OCT system, the
PSF of the system can be directly determined [14] [177]. To enable this, the previous
research pointed out that the target point size should be less than 15% of the full width
at half maximum (FWHM) of the OCT light source when considering the design and the
fabrication for the PSF phantom [14].

The phantom structure consists of a series of lines which have a line separation of
150um and there are 3 index lines located at both ends of the pattern on the X-Y plane
at each layer. The number of lines is dependent upon the inscription area (i.e. the
substrate size) which can be customised to set for the pattern size in the design and the
space for the line separation. For this design, it was around 90 test lines inscribed plus
3 index lines. The phantom pattern structure is presented in Figure 5-3, with a detailed
cross-sectional profile of the phantom pattern structure showing the parameter settings
in Figure 5-3(b). The layer separation was set to 150um (in AD) and there was 25um
layer offset set in this structure. The pulse energy used to inscribe each layer was

presented in Table 5-1.
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Figure 5-3. Patten design structure of the point spread function (PSF) phantom: (a) the
layer pattern on the X-Y plane with index lines and test pattern area indicated; (b) cross-
sectional profile of the phantom pattern showing the parameter settings; (c) 3D pattern
structure showing every dimension of the pattern.

For the layer-by-layer method, illustrated in Figure 5-4, the top index line was inscribed
for all layers, then the stage moved to the bottom line so that the bottom layer pattern
would be inscribed. When each of the series of lines for the test pattern was completed,
the stage then moved to the next layer up and then repeat the process for the line
inscription until all the 8 layers were inscribed. After that, the stage would move to the
bottom layer to inscribe the index lines at the end. The reason for inscribing the index
lines individually was that in order to show as a solid line at the cross-sectional profile,
the index line section needed to be inscribed more densely with very small layer
separations so that all of series of lines overlap together vertically to form an inscribed
layer, therefore, under the OCT system, it would always show as a solid line wherever

the scan position is selected.

By using the layer-by-layer method, it takes a longer time compared with the slice-by-
slice method as the stage needs to move back to the start position for each layer.
However, the layer-by-layer method allows the pulse energy levels to be varied at
different depths as every layer would be a fresh start and the machine would have

enough time to reset to a new energy level.
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Figure 5-4. lllustration showing the new fabrication method with the writing direction,
index lines, and test layer pattern indicated. In the diagram, the black solid line was used
to indicate the writing direction and the red dashed line was used to indicate the moving
direction. In the real fabrication, 8 layers had been inscribed rather than 4 layers shown in
the diagram for the illustration purposes.

5.2.2 Sensitivity phantom

The sensitivity phantom was designed to assess the sensitivity of the OCT system that
is @ measure of the minimum reflectivity that an OCT system can detect [146]. At each
pattern layer, it consists of a series of line pairs inscribed with different energy levels
starting from a lower pulse energy to a higher pulse energy at each layer shown in Figure
5-5(a). For this phantom, the lowest energy level was set to 5% of the total average
output power (i.e. 150nJ for the energy per pulse) and the highest energy level was set
to 100% of the total average output power (i.e. 3.08ud for the energy per pulse). There
were 6 sets included with 5 pairs of lines in each set, therefore, there were 30 pairs of
lines inscribed with different energy levels for the pattern with a step of ~3.276% added

on the next pair of lines starting from the lowest energy level which was 5%.

There were index lines located between each set. The number of index lines was used
to guide the location of the test pattern. The set n was located between the n index line
set and n+1 index line set. For example, set 3 was located between the index line set of
3 lines and the index line set of 4 lines. The cross-sectional profile of the phantom pattern
and the 3D conceptual diagram of the sensitivity pattern are presented in Figure 5-5(b)
and (c). For the sensitivity pattern, the laser energy level variation is the same for every

layer. However, the layer separation was increased to 150um compared with the
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previous phantom design which was set to 50um. Moreover, the previous design only
set a small range of laser energy variation such as 30%-39% for the studied phantom

presented in Section 3.6.

For the fabrication of this specific phantom, both the slice-by-slice method and the layer-
by-layer method can be used as this phantom was not affected by the variation of the
layer energy. However, the slightly slower layer-by-layer method has been developed

and employed to satisfy the specific needs and allow more dynamic requirements.

When using the slice-by-slice method, the first index line group was inscribed firstly and
followed by the first set of the energy test pattern for all eight layers inscribed and then
moved to the second index line group and then the second set of the test pattern for all
the layers. The process was repeated until the last set of the test pattern inscribed
followed by the index line group. When using the layer-by-layer method, it involved a
two-stage process as the index line and the test pattern were inscribed separately. First
of all, all the test pattern layers were inscribed starting from the bottom layer to the top
layer. Between the test set, there was enough space left for the index lines to be
inscribed afterwards. The fabrication process for this phantom takes a bit longer
(approximately an additional 10 minutes) as the stage needs to be moved back to

inscribe the index line separately.
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Figure 5-5. Patten design structure of the sensitivity phantom: (a) the layer pattern
showing the first 4 test sets on the X-Y plane with index lines and test pattern area
indicated; (b) cross-sectional profile of the phantom pattern of the first 4 test sets showing
the parameter settings; (c) 3D pattern structure of the first 4 test sets showing every
dimension of the pattern. Please note, there were 6 sets included in the real design and
the fabrication.
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5.2.3 Lateral resolution phantom

The Lateral resolution phantom was designed to assess the ability of the OCT system
to distinguish the objects that are closely located [194]. At each layer, the phantom
pattern consists of a series of inscription lines that are spaced with various line
separations. There are 10 test sets included in this pattern with 11 lines (i.e. 10 line
separations) in a set. The line separation was increased by 1um between each test line
with the first line separation started from 1um. For set 1, the variation of the range on
the line separation was set to 1-10um, 11-20um for set 2, 21-30um for set 3 and so on
until the last set (i.e. for set 10, it was 91-100um for the line separation variation range).
The layer separation was set to 150um (in AD). There was no layer offset for this pattern.

The pulse energy was applied to each layer was presented in Table 5-1.

The test set was separated by the index lines. There were 10 index line sets sitting
between the test lines in a similar way to the sensitivity pattern such that the set n was
located between the index line set n and the index line set n+1. The conceptual diagram
of the pattern is shown in Figure 5-6(a) and the cross-sectional profile of the pattern is
shown in Figure 5-6(b) and illustrates the parameter settings such as the layer
separation, the line separation. In Figure 5-6(c), a 3D pattern structure was presented to

show every dimension of the phantom.

For the fabrication of this phantom pattern, firstly, the first index line was inscribed and
then the test pattern of set 1 for each layer was fabricated for all eight layers and then
the second index line set were inscribed afterwards followed by the set 2 of the test
pattern was inscribed for all the layers. The process was repeated until the last test
pattern set and the last index line set were inscribed. For this pattern structure, the pulse
energies used for inscribing each layer test pattern were varied, which was the same as
PSF phantom. After inscribing each layer of each test set, the pulse energy was quickly
set to a new energy level through varying the attenuator position. The index line set is
inscribed first followed by the pattern to minimise backtracking in the fabrication process.
However, all test pattern layers can be inscribed at first, then add the index line sets to

be in between the test pattern sets, which could introduce additional travel time.
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Figure 5-6. Patten design structure of the lateral resolution phantom: (a) the layer pattern
showing the first 4 test sets on the X-Y plane with index lines and test pattern area
indicated; (b) cross-sectional profile of the phantom pattern of the first 4 test sets showing
the parameter settings; (c) 3D pattern structure of the first 4 test sets showing every
dimension of the pattern. Please note, there were 10 sets included in the real design and
the fabrication.

5.2.4 Distortion phantom

The distortion pattern was designed to assess the OCT system’s distortion which is
caused either by the material under test or issues with the scanning stages of the OCT
measurement system [173]. The pattern consists of grid cells which have a dimension
of 100um x 100um. The layer separation was set to 150um (in AD) and there was no
layer offset for this pattern structure. The pulse energy applied to inscribe each layer is
presented in Table 5-1. Each layer pattern is shown in Figure 5-7(a), the cross-sectional
view of the phantom structure is shown in Figure 5-7(b) and the 3D phantom structure

was shown in Figure 5-7(c).

For the fabrication of this phantom structure, the layer-by-layer method was again used.
For each layer pattern, the horizontal lines were inscribed first, and then vertical lines
were inscribed. The inscription started from the bottom layer to the top layer. When one
layer pattern was completed, the pulse energy would set to a new energy level for the

next layer inscription.
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Figure 5-7. Patten design structure of the distortion/grid phantom: (a) the layer pattern
showing the grid pattern on the X-Y plane; (b) cross-sectional profile of the phantom
pattern showing the parameter settings; (c) 3D pattern structure showing every dimension
of the pattern.

5.3 Results and discussions

For the phantom characterisation, after the fabrication, the phantom was characterised
by an optical microscope (Axioscope 2 MOT Plus, Zeiss) and OCT systems. The
comparison was made between the previous phantom and this present phantom in order
to see the difference. Both 5x objective lens and 20x objectives lens were used to
observe and measure the sample for the characterisation. The SD-OCT system
(Optimec is830) operating at a central wavelength of 830nm, which has an axial
resolution in air of ~12um and a lateral resolution of ~30um [154] was mainly used to

characterise the phantom.

5.3.1 Point spread function (PSF) phantom
5.3.1.1 Microscope characterisation

Figure 5-8 shows the microscope image using a 5x objective lens shows the overall
pattern of point spread function (PSF) phantom. The line separation of ~150.13um is
indicated in the image which matches to the parameter setting of 150um for the line

separation in the program, which can indicate the high accuracy and smooth finish of the
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fabrication process using a femtosecond laser. The reading of the measurement can be
slightly varied which has been previously discussed in section 3.6.3.5 for details of the

measurement errors.

Figure 5-8. The microscope image using a 5x objective lens showing the overall pattern of
PSF phantom. The line separation of 150.13um is indicated.

Figure 5-9(a)-(h) show microscope images of PSF phantom with the linewidths for all
eight layers measured using a 20x objective lens for a close-up view. It can be seen that
with the pulse energy varied at different depths, similar linewidths can be achieved. The
measurements for the linewidths of all eight layers are around 2.6um which indicates a
consistency of the linewidth across all the layers by adopting various pulse energies to
different depths in order to compensate the power loss. In Figure 5-9(a) also shows the
measurement of line separation is 149.93um which matches to the designed parameter

of 150um setting in the fabrication program.

(a) 15t layer at 100.164um (b) 2" layer at 250.716um
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(c) 3rd layer at 400.962um (d) 4th layer at 551.208um

(e) 5th layer at 704.004pum (f) 6th layer at 860.421um

(g) 7th layer at 1011.228um (h) 8th layer at 1162.678um

Figure 5-9. Microscope images using a 20x objective lens showing the linewidth
measurement for all eight layers (from (a) to (h)) of the PSF phantom with layer depth and
the linewidth indicated. With the varied laser power, the linewidth can be kept consistently
for all the layer depths, measured as 2.64pm.

In order to better understand the changes to the design and the parameter settings, the

cross-sectional profile of the phantom was inspected. A comparison between the
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previous design and the present design shown in Figure 5-10 has also been presented
in order to clearly see the difference. It can be seen with the current design, a total layer
separation measured as ~1534.07um (in RD) has been reached with a single layer
separation measured as ~219.84um in real depth (RD). For the cross-sectional profile,

a real depth (RD) is used as the depth is no longer affected by the refractive index.

Moreover, as the designed parameter is known, the refractive index can be worked out
by using the ratio of the layer separation in real depth (i.e. ~219.84um shown in Figure
5-10(a)) and the designed layer separation of 150um which is 219.84um/150um = 1.465.
Compared with the previous design, a total layer separation of ~510.72um (in RD) has
been reached with a single layer separation of ~72.03um (in RD). The setting parameter
of the layer separation for this design was set to 50um, therefore the ratio for the
refractive index can be calculated as 1.458. The measurement error and the scaling limit
of the imaging software can also affect the accuracy of the measurement and the final
results. Therefore, the error tolerance has to be considered when discussing the

accuracy of the results.

(a) (b)

Figure 5-10. The microscope image using a 5x objective lens showing the cross-sectional
profile of the PSF phantom: (a) the new phantom design has a larger layer depth of 150um
in apparent depth (AD), with the layer separation measured in real depth (RD) as 219.84um
and a total inscription depth of 1534.84um; (b) the previous phantom design with a smaller
layer depth of 50um (in AD), with the layer separation measured in real depth (RD) as
72.39um and a total inscription depth of 508.04um.
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5.3.1.2 OCT characterisation

After the microscope characterisation, the phantom then was characterised by an OCT
system, which provided a cross-sectional information of the phantom structure.
Moreover, it can also be used to check the OCT performance as a calibration phantom.
In order to compare between two designs (i.e. the previous design and the current
design), both OCT images were presented in Figure 5-11 to show the difference and the
change in design. It can be seen from Figure 5-11(a), under the OCT system, the point
size seems to be uniform and consistent across all the inscription layers. Compared with
the previous design, the inscription area has been expanded more than three times in

the Z-axis (inscription depth). The measurements presented in the OCT image for each

parameter show the agreement between the designed and fabricated parameter values.

(a) The OCT image of PSF phantom with a greater layer separation (new design) with a
scan size of ~16mm x 6.6mm. The OCT measurement shows the layer separation of
219um, the line separation of 150.3um and a total layer depth of 1539um.

(b) The OCT image of PSF phantom with a smaller layer separation (previous design) with
a scan size of ~ 14mm x 4.53mm. The OCT measurement shows the layer separation of
76.4um, the line separation of 151.2um and a total layer depth of 508um.

Figure 5-11. OCT images for the point spread function (PSF) phantom showing both (a)
the current design with a greater layer separation and (b) the previous design with smaller
layer separation in order to make a comparison and present the change in design. Both
the OCT images were taken by Optimec is830 SD-OCT system. The measurement values
indicated in the image are showing in real depth (RD).
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Figure 5-12 provides a close-up view of the fabricated OCT phantom. It can be seen
clearly that the fabricated phantom structure has a consistent point size and line spacing.
The PSF of the system can only be directly measured when the target size is smaller
than the resolution, in which case the PSF of the sample can be treated as a delta
function. However, based on the OCT image information shown in Figure 5-12, the
measured point size is almost a pixel size which the pixel size for X-axis is 10um and
the pixel size for Z-axis is 12.89um (i.e. the axial resolution of the OCT system), therefore
the cross-sectional size of the line is of a similar size or less. Therefore, the current PSF
phantom might not be suitable for direct measurement of OCT system PSF as the point

size is fairly large on the Z-axis.

However, the size on the X-axis might allow for PSF to be closely measured as it is much
smaller than lateral resolution of typical OCT systems (i.e. 20-30um). One thing that
previous research suggested to obtain the PSF of the OCT system is to use a larger,
well characterised, target to deconvolve their known shapes from the OCT signal [155].
The PSF phantom can be used as a target as it is well characterised. Moreover, as the
PSF phantom was identically inscribed, it enables consistent and uniform reflection from
the structure which can help to check the sensitivity and linearity of the OCT system.
Also, the spatial variation of the system resolution can be measured by measuring the
PSF phantom each point which can be used to improve the resolution of the OCT system
[177].

Figure 5-12. The OCT image showing the pixel size (labelled in red square) compared with
the point size of the PSF phantom. This image also provides a close-up look for the
fabrication.
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5.3.2 Sensitivity phantom
5.3.2.1 Microscope characterisation

The sensitivity phantom can be used to assess the sensitivity of an OCT system to see
the weakest signal which can be detected. The phantom consists of a series of
inscription lines inscribed with various laser energy levels, which provides a dynamic

inscription size with various refractive index changes in the fused silica structure.

Figure 5-13 shows the microscope images using a 5x objective lens to overview the
phantom structure for both the test pattern and the index lines. It can be seen that the
test pattern was divided into different sets by placing the index lines in between. The line
separation of ~149.7um was measured in Figure 5-13(a) which matches to the laser

parameter for the line separation of 150um.

(a)
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(b)

Figure 5-13. The microscope images using a 5x objective lens showing the overall pattern
of the sensitivity phantom structure: (a) one of the test sets (Set 4); (b) one of the index
line sets (Set 4).

After using a 5x objective lens to check the overall pattern, a 20x objective lens was then
used to check the linewidth of the inscription as shown in Figure 5-14. The energy level
pair of E3 (i.e. the third energy level pair) was chosen to present the linewidth for one of
the lower energy level pairs (i.e. 11.6% of the laser average output power). The energy
level pair of E30, the highest of the energy levels, was chosen to show the difference in
the linewidth (i.e. 100% of the laser average output power). The linewidth for E3 was

measured as ~1.3um and the linewidth for E30 was measured as ~6.9um.

(a) (b)

Figure 5-14. The microscope images using a 20x objective lens showing the linewidth of
the inscription: (a) the linewidth of the third energy level pair (i.e. 11.6% of the laser
average output power) measured as 1.32um; (b) the linewidth of the highest energy level
pair (i.e. 100% of the laser average output power) measured as 6.92um.
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After measuring the linewidth in the X-Y plane, a 5x objective lens was again used to
view the cross-sectional profile shown in Figure 5-15. Both set 3 and set 6 were chosen
to do the comparison between the present phantom structure with a larger layer
separation of 150um and the previous phantom structure with a smaller layer separation
of 50um. The index line showing 3 lines means it is in set 3. It can be seen in Figure
5-15 that the sensitivity pattern inscribed with various pulse energies, the point size tends

to become larger with increasing pulse energy.

As the inscription depth is increased, Figure 5-15(a) and (c), the elongation of the
inscription tends to be more obvious at the deeper depths due to the presence of the
spherical aberration and the self-focusing induced at higher energy sets (i.e. above the
self-focusing threshold). However, in Figure 5-15(b) and (d), as the inscription was close
to the surface and the lower range of energy levels (i.e. the previous phantom design
parameter is discussed in Section 3.6) were used to fabricate this phantom, therefore
optical distortion was not clearly observed in those images. To ensure a fine quality of
fabrication, a lower pulse energy below the critical peak power for the self-focusing
should be chosen when inscribing deeper depths to avoid the optical distortion. However,
in order to provide a full range of sensitivity assessment for the OCT system, the energy
levels setting for the sensitivity phantom was adopting a wider range of the laser pulse
energy (i.e. from 5%-100% of the laser power). A full study of the linewidth variation with
respect to the laser pulse energy and the inscription depth has been presented in Section
4.3. As with the pulse energy increased, the linewidth is increased proportional to the

change in the pulse energy.
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(a) Set 3 with larger layer separation (b) Set 3 with smaller layer separation
(c) Set 6 with larger layer separation (d) Set 6 with smaller layer separation

Figure 5-15. The microscope image using a 5x objective lens showing the cross-sectional
profile of the sensitivity phantom: (a) the phantom design with a larger layer depth (150pum
setting for the layer separation) for set 3; (b) the phantom design with a smaller layer depth
(50um setting for the layer separation) for set 3; (c) the phantom design with a larger layer
depth (150pum setting for the layer separation) for set 6; (d) the phantom design with a
smaller layer depth (50pum setting for the layer separation) for set 6.
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5.3.2.2 OCT characterisation

Figure 5-16 shows the OCT images for both the current design with a greater layer
separation of ~218um and the previous design which has a smaller layer separation of
~72.3um. It can be seen that as the layer separation expanded, the lower pulse energy

is no longer strong enough to reach to the deeper layer, for example, the majority of the

first two sets of the test pattern shown in Figure 5-16(a).

(a) The OCT image of sensitivity phantom with a greater layer separation (new design) with
a scan size of ~ 16mm x 6.6mm. The OCT measurement shows the layer separation of
218um and the line separation of 151um.

(b) The OCT image of sensitivity phantom with a smaller layer separation (previous design)
with a scan size of ~14mm x 4.53mm. The OCT measurement shows the layer separation
of 72.3um and the line separation of 151um.

Figure 5-16. OCT images for the sensitivity phantom showing both (a) the current design
with a greater layer separation and (b) the previous design with smaller layer separation
in order to make a comparison and present the change in design. Both the OCT images
were taken by Optimec is830 SD-OCT system. The measurement values indicated in the
image are showing in real depth (RD).

However, when the pulse energy is increased, the inscription size and intensity of the
reflection light become stronger so that the pattern looks brighter. With the presence of
the spherical aberration and the self-focusing, the elongation appears and becomes
more obvious at deeper layers (i.e. the last three layers for higher energy levels such as
the set 5 and the set 6) which is located beyond 1mm from the front surface. As it can

be seen from Figure 5-16(b), with the original phantom design, the total inscription depth
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was below 700um and the range of the laser energy level was controlled at a very low
level, therefore, the point size looks more uniform not elongated. The sensitivity phantom
is not only used to provide qualitative check for the sensitivity of an OCT system to see
where in the pattern the point cannot be detected but also can use a reference for

improving the system sensitivity at a later time.

5.3.3 Lateral resolution phantom
5.3.3.1 Microscope characterisation

The lateral resolution phantom was designed to assess the lateral resolution of an OCT
system to determine the minimum line separation that the system can resolve. For each
layer, the line was inscribed by the pulse energy but with a varied line separation setting
from 1um to 100um. In Figure 5-17, the microscope image using a 5x objective lens
shows the overall inscribed pattern for the first layer, which the first and the last line
separation for both set 3 and 4 is indicated. Set 3 and set 4 have a line separation range
of 21-30pym and 31-40pm correspondingly, which the measured values showing an

agreement to the setting value, the index lines can be seen between the two sets.

Figure 5-17. The microscope image of the lateral resolution phantom using a 5x objective
lens shows the overall pattern and the line separation variation for the set 3 and the set 4
of the pattern.

Figure 5-18 presents a close-up view on one of the test pattern set (i.e. set 3) which has
a line separation varied from 21um to 30um. It can be seen from the measured value of

each line separation are a good match to the designed parameter values. It has to be
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noted that the difference of 1um shown in the measurement in Figure 5-17 and Figure
5-18 for the last line separation for the set 3 is due to a different microscope objective
lens being used to observe the inscription. The accuracy can be slight differ as the 20x

objective gives a more accurate measurement as the scaling become smaller.

Figure 5-18. The microscope image of the lateral resolution phantom using a 20x objective
lens to show the line separation variation (i.e. range from 21-30um) for set 3 with the
measurement values labelled in the image.

Figure 5-19 shows a side-by-side comparison between the current new design shown in
Figure 5-19(a) and the previous design shown in Figure 5-19(b) for set 2 and set 3. It
can be seen that the total inscription depth has been increased around 3 times than the
previous design. As the linewidth measured under the microscope is around 2.6um,

therefore, the line should be separated above 2.6um.
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(a) (b)

Figure 5-19. The microscope image of the lateral resolution phantom using a 5x objective
lens to show the cross-sectional view of the pattern structure of set 2 and set 3: (a) the
current phantom design with a larger layer depth (150um in AD setting for the layer
separation) for both set 2 and set 3 with a total inscription depth of 1534.86um in RD; (b)
the previous phantom design with a smaller layer depth (50um in AD setting for the layer
separation) for both set 2 and set 3 with a total inscription depth of 508.03um in RD.

5.3.3.2 OCT characterisation

Figure 5-20 shows the OCT images for both the new design shown in Figure 5-20(a)
and original design in Figure 5-20(b) for a comparison. The OCT system used to produce
the images has a lateral resolution of ~30um, although the linewidth was measured as

~2.6um.

Subject to this resolution limit, for the first three sets, the lines are merged together as
the system cannot resolve them. The lines appear to be separated from set 4 onwards,
where set 4 has a line separation variation range of 31-40um, which matches to the

lateral resolution of the OCT system.
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(a) The OCT image of the lateral resolution phantom with a greater layer separation (new
design) with a scan size of ~ 16mm x 6.6mm. The OCT measurement shows the layer
separation of 217.8um.

=N

(b) The OCT image of the lateral resolution phantom with a smaller layer separation
(previous design) with a scan size of ~14mm x 4.53mm. The OCT measurement shows the
layer separation of 76.2um.

Figure 5-20. OCT images for the lateral resolution phantom showing both (a) the current
design with a greater layer separation and (b) the previous design with smaller layer
separation in order to make a comparison and present the change in design. Both OCT
images were taken by Optimec is830 SD-OCT system. The measurement values indicated
in the image are showing in real depth (RD).

5.3.4 Distortion phantom
5.3.4.1 Microscope characterisation

The distortion phantom was designed to mainly measure the geometrical distortion of an
OCT system but can also be used to assess the system resolution and any de-bending
software algorithms. It consists of 8 layers of the grid pattern with a cell size of ~100um
x 100um. Figure 5-21 shows an overall phantom pattern using a 5x objective lens while
Figure 5-22 presents a detailed view of the pattern using a 20x objective lens. The
measured cell size shows a slightly different value which is due to the resolution and
scaling limit of the microscope objective lens used. However, both measurements show

a good agreement to the designed cell size.
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Figure 5-21. The microscope image of the distortion/grid phantom using a 5x objective
lens to show the overall pattern with the measured cell size of 100.18um x 100.53um, as
indicated in the image.

Figure 5-22. The microscope image of the distortion/grid phantom using a 20x objective
lens to show the detailed pattern with the measured cell size of 100.16um x 100.16um, as
indicated in the image.

Figure 5-23 shows a cross-sectional view of the pattern structure, which Figure 5-23(a)
showing the current new design that has a greater layer separation of 150um (in AD)
and Figure 5-23(b) shows the previous design that has a smaller layer separation of
50um (in AD). As the distortion/grid pattern was inscribed in both the horizontal and the
vertical direction, the cross-sectional view can also show the joined parts where two lines

cross each other under the microscope.
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(a) (b)

Figure 5-23. The microscope image using a 5x objective lens showing the cross-sectional
profile of the distortion/grid phantom: (a) the current phantom design with a larger layer
depth (i.e. 150um in AD setting for the layer separation) with the cell size measured as
100.54pm, the layer separation measured as 218.76um in RD and a total inscription depth
measured as 1534.84um; (b) the previous phantom design with a smaller layer depth (i.e.
50um in AD setting for the layer separation) with the cell size measured as 100.54um, the
layer separation measured as 72.39um and a total inscription depth measured as
509.39um.

5.3.4.2 OCT characterisation

Figure 5-24 shows the OCT scan image for both the new design shown in Figure 5-24(a)
and the original design shown in Figure 5-24(b). It can be seen that as the distortion/grid
pattern was similar to the PSF phantom apart from having the inscription in both the
vertical and horizontal direction. However, as the phantom structure, it tends to be more
difficult to align the phantom without getting interference and back reflection (i.e. those
solid lines showing in both images). The distortion of an OCT system can be measured
by analysing and comparing with the current image to a standard non-distorted image.
Here, as the design parameter is known, it can be compared with the measured data to
identify whether the OCT image is distorted or not. For example, if all the gaps between

the dots are similar or identical, it means the OCT system is not distorted.
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(a) The OCT image of the distortion/grid phantom with a greater layer separation (new
design) with a scan size of ~ 16mm x 6.6mm. The OCT measurement shows the cell size
of 100.1um, the layer separation of 218um and a total layer separation depth of 1535um.

(b) The OCT image of the distortion/grid phantom with a smaller layer separation (previous
design) with a scan size of ~ 14mm x 4.53mm. The OCT measurement shows the cell size
of 100.3um, the layer separation of 72.6um and a total layer separation depth of 506um.

Figure 5-24. OCT images for the distortion/grid phantom showing both (a) the current
design with a greater layer separation and (b) the previous design with smaller layer
separation in order to make a comparison and present the change in design. Both the OCT
images were taken by Optimec is830 SD-OCT system. The measurement values indicated
in the image are showing in real depth (RD).

5.3.5 Further discussions

The phantom inscription size has been optimised to ensure a consistency of the structure
by using different laser pulse energies at different desired depths to compensate the loss
of the laser power when travelling to a deeper depth inside of a material. For the current
design, the starting laser attenuator position was set to 20% for the first layer and 55%

for the deepest layer for all PSF, lateral resolution and the distortion/grid phantom.

The sensitivity patten was inscribed from 5% to 100% of the total average laser output
power. However, one thing should be noted is that when the pulse energy was at very
low levels (i.e at 10% or below based on the present power measurement as the laser
power might be varied over time), the energy level can only be sufficient to do the surface

inscription. The laser energy is not able to make a visible inscription or modify the local
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refractive index, therefore, it cannot be seen under both the microscope and the OCT

system.

5.4 Chapter conclusions

In conclusion, the optimised OCT phantom has been presented with a new
fabrication/inscription method, the total inscription depth has expanded by over 3 times
with the total inscription depth reaching to almost 2mm. With varying the laser power for
different depths, the inscription dimension can be well controlled so that even at a deeper
depth, it can still be consistent and uniform. The optimised fabrication process also
enables a highly repeatable and accurate finish so that it can be easily manufactured.

This work can significantly benefit the future phantom fabrication.
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Chapter 6
Non-planar OCT calibration phantom

This chapter presents the research work on the development of a novel non-planar OCT
calibration phantom, which includes two published conference papers on the first two
non-planar OCT phantoms that were proposed to be used as a potential multipurpose
OCT system calibration tool. The first non-planar phantom (Section 6.2) was fabricated
and later reported at the 2018 at Photonics West conference, where the design was
based on a grid pattern to test the image distortion and was the first phantom
demonstrated in a non-planar (i.e. plano-convex) lens to prove the idea that a curved
phantom can be used as a self-referencing and comparison tool for OCT systems. The
second non-planar phantom (Section 6.3) was designed, fabricated and later reported
at the 2020 at Photonics West conference, which addressed alignment issues seen with
the initial phantom due to the grid patterns require high level of alignment to the nearest
90° angle. The third non-planar phantom (Section 6.4) was an upgraded version based
on the same pattern design but with the layer energy setting refined so that the inscription
would exhibit a consistent layer thicknesses for every single layer, and it also reduces
the effect of the laser beam filamentation. In addition, the results of an inscription
attempted from the curved surface are given in Section 6.5 to illustrate the fabrication
challenges with non-planar substrates and the resulting distortion caused by the

curvature of the lens.
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Some of the work presented in this chapter (Section 6.2 & Section 6.3) was undertaken
in collaboration with Dr. Neil Gordon, Mr. David Robinson, Dr. Benjamin Coldrick, Dr.
Vladimir Mezentsev, Dr. Francesco Menduni, Dr. I1zzati Ibrahim, Dr. Antonio Fratini and
Prof. Kate Sugden. The design, writing the CNC code and the phantom fabrication were
undertaken by the thesis author under the supervision from Prof. Kate Sugden and the
consultation from Dr. Neil Gordon. The OCT data was taken by Dr. Francesco Menduni
who contributed to the first conference paper and Dr. Benjamin Coldrick who contributed
to the second conference paper and the newer version of the OCT phantom. The co-
authors got involved with the characterisation and results analysis for the fabricated
phantom. Some texts and images presented in this chapter have been reproduced from

previous published conference papers [92] [93] with the publisher’s permission.

6.1 Introduction

In recent years, OCT systems have been intensively used in the biomedical and medical
fields to assist with the diagnosis of diseases such as glaucoma [195]. However, there
is no ubiquitous standard that can be used to calibrate and assess the performance of
different OCT systems and there is a requirement for multi-purpose OCT phantoms to

act as a three-dimensional optical ruler.

Previously, various methods of making OCT phantoms have been presented to assess
the OCT system such as nanoparticle-embedded PSF phantom [15]. However, all these
fabrication methods result in planar phantoms that do not fulfil the requirements of those
systems designed for measuring curved structures such as contact lenses. Coldrick et
al. demonstrated the measurement capability of using an OCT system (the Optimec
is830 system) to measure and inspect curved surfaces (i.e. contact lenses), however,

the system would further benefit from a large-area calibration method [154].

To address this and building on the previous work from [9], a novel OCT calibration
phantom has been inscribed in a plano-convex lens using direct femtosecond laser
writing technique. The phantom can simulate the curvature of a contact lens and be used
to test the validity of post-processing techniques. The use of a plano-convex lens (rather
than a convex lens) is important because it allows the calibration pattern to be written
through the non-distorting flat face of the lens and then viewed/used through the

distorting curved face.

Moreover, imaging distortion is also a big challenge for imaging systems (i.e. OCT

systems). Having image distortion limits OCT system when used for quantitative
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morphological imaging [172]. If there is a device/calibration tool that can be not only used
to assess the performance of the OCT systems, but also to act as a diagnosis tool for
validating the post-processing algorithms for correcting the image distortion, it will

provide useful information for the OCT system developer and those OCT end users.

In this chapter, three versions of non-planar phantoms have been presented with each
phantom has been characterised by the same optical microscope (Axioscope 2 MOT
Plus, Zeiss) and OCT systems (Optimec is830 SD-OCT system). Two other OCT
systems were used to compare the system performance (Thorlabs Ganymede OCT and
Carl Zeiss Cirrus HD-OCT 5000) by using the same phantom. The femtosecond laser
system was used to fabricate the phantom using a direct laser writing technique. All the
phantoms presented in this chapter were inscribed with a 100x objective lens (Mititoyo
Mplan Apo NIR) that has a NA of 0.5 which results of a spot size of ~2um. The phantom
was inscribed on a plano-convex lens (LA4380, Thorlabs) made of fused silica with a
refractive index of 1.461 at the wavelength of 530nm. This lens has a central thickness

of 3.8mm and 2mm for the edge thickness.

6.2 Non-planar grid-like OCT phantom

6.2.1 Phantom design and fabrication

A grid-like phantom was inscribed on a plano-convex lens as shown in Figure 6-1 using
a direct femtosecond laser writing technique. A non-linear multi-photon absorption
process occurs when there is an interaction between the focused laser beam and the
material, which induces refractive index changes. The average power of the laser was
set to 188mW (i.e. 20% of the total energy level) which results in 1880nJ per pulse and
therefore, a peak pulse power of 3760kW.

The inscribed pattern consisted of a series of X and Y lines that make up a 100um grid
in a plane parallel to the flat surface of the lens. The size of the inscription was set to
25mm x 25mm in order to cover the entire lens area. The first grid is located at 150um
in apparent depth (AD) below the flat side of the lens which has a real depth (RD) of
219.15um calculated as 150um x 1.461 (fused silica refractive index at the wavelength
of 532nm). The sample was then moved 50um (in AD) in the Z direction and the grid
pattern replicated and this process was repeated until there were 8 layers of 100um grid
patterns in total. To avoid scattering from pre-written lines, the inscription process starts

from the lowest layer which is located at 500um in the apparent depth (AD) below the
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surface or 730um below the surface in the real depth (RD). This process enables each

layer to be clearly inscribed.
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Figure 6-1. Conceptual drawings of the OCT phantom pattern: (a) the view from the top;
(b) the view from the side.

Alignment is a big challenge when placing the plano-convex lens on the CNC stage of
the laser system, due to the difficulty in determining whether the planar side of the lens
was parallel to the CNC stage. To overcome this challenge, three equidistant points
close to the edge of the lens were focused upon to ensure the lens was flat. An alignment
validation program performed a series of inscriptions to verify the alignment, ensuring
that the flat side of the lens was parallel to the XY axis of the translation stage. Minor
adjustments were then made on the sample’s alignment using both software control and
the manual adjustments of a goniometer stage. The process was repeated until the

surface was suitably flat.

6.2.2 Results and discussions

The phantom was characterised first using an optical microscope (Axioscope 2 MOT
Plus, Zeiss). Example microscope images are shown in Figure 6-2. Figure 6-2(a) shows
an image taken with a 5x objective lens from the planar side of the phantom, and Figure
6-2(b) is a close-up of this using a 20x objective lens and gives the dimensions of the
cell under inspection showing a cell size of ~100um x 100um. Figure 6-2(c) shows the
image taken from the curved surface which shows the defocusing of the grid towards the

outer edges of the image due to the effect of the lens curvature.
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Figure 6-2. (a) Microscope image using a 5x objective lens from the planar side of the
phantom, (b) the OCT phantom grid pattern cell size measurement using a 20x objective
lens and giving the cell size of ~100um x 100um, (c) the view from the curved side of the
phantom.
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Figure 6-3 shows that 5 points (labelled as point 1-5) were selected around 4 edges and

1 central point at the flat side of the plano-convex lens by using the 20x objective lens.

The design parameters and the measured values (shown in Table 6-1) closely match

each other, which verifies the accuracy of fabrication process.

hn

Figure 6-3. Microscope measurement points on the plano-convex lens.

Measured
La¥er  point1  Point2  Point3  Point4  Point5 ( A\‘/’:::;: of  pagn
5 points)
1 152133 142,953 152439 156111 146625  150.052 150
2 20757 199563  206.958  207.57  196.095  203.551 200
3 261324 250002 264027 266.883 246789  257.805 250
4 31212 300084 315078 317.016 296.055  308.071 300
5 3620916 352257 364191 36873 348126  359.244 350
6 411264 400146 418149 417282 399177  409.204 400
7 460377 447474 463998 464763 448239 456.97 450
8 508674 495006 511785 511.071 494904  504.288 500

Table 6-1. Microscope measurement (measured in ym) datasheet for the OCT phantom to
show the alignment and the flatness of the surface when fabricating the sample.

A comparison between design parameters and measured values is given in Figure 6-4,

it can be seen that with the error tolerance considered, those two lines of the design

parameter and measured value almost overlap each other, which demonstrates a high

accuracy for the fabrication process and the characterisation process after the phantom

has been fabricated.
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Figure 6-4. Comparison of design parameters and measured values from the optical
:Zig;.oscope of the OCT phantom design. Measurements are all based on apparent depth
Subsequent to microscope-based measurements, the phantom was characterised using
the two SD-OCT systems. The images taken from those two OCT systems are shown in
Figure 6-5(a) and (b). Both OCT images consistently match the design parameters and
microscope measurements (the OCT image data was measured in pixels and converted
back to a micrometre scale). The Thorlabs Ganymede OCT system has a better axial
resolution of 5.8um (in air) (the image scaling bar in Figure 6-5(b) is 100um) and yields
a more precise measurement than the Optimec is830 OCT system, which has an axial
resolution of 12um (in air) (the image scaling bar in Figure 6-5(a) is 500um). However,
the Optimec is830 provides a larger field of view and has a better sensitivity which could

provide a higher contrast image.
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Figure 6-5. OCT images obtained from (a) the Optimec is830 system with a scan size of ~
12mm x 5.6mm and (b) Thorlabs Ganymede SD-OCT system with a scan size of ~ 4mm x
1.9mm for comparison with design parameters and between OCT systems with
annotations.

The summarised measurements from both OCT systems are listed in Table 6-2. These

images were taken from the planar side of the OCT phantom.
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Thorlabs Ganymede SD-

OCT system model Optimec is830 SD-OCT oCT
Image scaling 500um 100um
Surface to 1st layer (AD) 155.4pm 159.4pum
Layer separation (AD) 50.8um 52.6um
Grid cell size 101.3um 104.3um

Table 6-2. OCT system characterization and comparison of OCT systems results.

Figure 6-6 and Figure 6-7 show the OCT images of the phantom taken from the curved

side of the lens. It can be seen that cross-section of the grid lines looks wider. Images

from both sides of the lens could be used to confirm the validity of the post-processing

algorithms since the pattern should look the same in both directions after correction.

Figure 6-6 was acquired using the Thorlabs Ganymede OCT system. The cross-section

of the grid pattern is expanded due to the curvature of the lens, and the point size

measured in this distorted image appears to be ~47.8um. This is approximately 2 times

as large as the non-distorted image which was determined from Figure 6-5(a) to be

~23.3um.

Figure 6-6. OCT image taken from the curved side (by using the Thorlabs Ganymede SD-
OCT with a central wavelength of 930nm and an axial resolution of 5.8um).
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In Figure 6-7, taken with the Optimec is830 system, it can be seen that the cross section
of the grid and the planar surface at the bottom of the image appears to be bending. This
shows that the distortion from the curved surface is present and therefore suitable post

processing of the image is required to correct for such distortion.

Figure 6-7. OCT image taken from the curved side (by using the Optimec is830 system with
a central wavelength of 830 nm and an axial resolution of 12um).

6.2.3 Further discussions

The grid cell size was set to 100um x 100um for the phantom pattern. Under the optical
microscope, the fabricated structure can be clearly seen under both a 5x and 20x
objective lens. However, under both OCT systems for the same phantom, the images
are quite different. In Figure 6-5(a) the OCT image taken by the Optimec is830 system,
the first layer of the pattern appeared as a line rather than the individual dots. When
imaging the phantom under a higher resolution OCT system, although the dots are no
longer jointed together, it seems that there is a misalignment in the centre of the OCT
image shown in Figure 6-5(b) taken by Thorlabs Ganymede SD-OCT that the separation
between dots are not identical. This demonstrates how the phantom can not only
calibrate the individual OCT system but also can be used to compare performance

across different OCT systems by being used as a reference target.

6.2.4 Section conclusions

In this section, a multifunctional non-planar OCT calibration phantom was inscribed in a
plano-convex shape substrate. With using a planar-convex lens, the phantom can be
used for multiple purposes. With the planar side, a non-distorted standard phantom can
be used to calibrate the OCT system while with the non-planar side, the phantom can
be used to assess and validate the post-processing algorithm for the image distortion

correction. It can benefit for both the researcher and end-user to calibrate their systems.
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Most importantly, the phantom can be easily reproduced with a highly repeatable and
accurate fabrication method as an optical calibration device by using a femtosecond

laser system.

6.3 Non-planar circle-like OCT phantom

6.3.1 Introduction

Previously, a non-planar grid-like OCT phantom inscribed in a plano-convex lens was
successfully used to demonstrate a multi-purpose calibration phantom. However, there
were some issues with the design relating to the angular alignment when imaging under
an OCT system. The grid-like phantom requires a higher degree of alignment in terms
of the angle of the sample when placing under the OCT system. It can be seen in Figure
6-8(a) that the grid phantom requires either a perfect horizontal or vertical scanning
position such that the separation between dots can be identical. However, if the phantom
is misaligned (shown in Figure 6-8(b)), the test results can be significantly affected as
the separation between dots are no longer identical so that it will be difficult to assess
the OCT system performance. Moreover, without the guideline, it will be difficult to guide
the user with the test location. Therefore, a new phantom pattern is needed to overcome
this angular issue with a landmark layer designed to guide the test location that can be

potentially used to quantitatively correct the distortion.
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Figure 6-8. The alignment requirement for the grid-like phantom: (a) Top-view of the grid
pattern phantom with red lines indicating aligned scanning position; (b) Top-view of the
grid pattern phantom with red lines indicating misaligned scanning position.
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6.3.2 Phantom design and fabrication

To resolve the issues described above, a new circle-like pattern was designed. The
circular phantom pattern conceptual diagram is shown in Figure 6-9, which consists of
one landmark layer located at 50um (in apparent depth (AD)) below the surface and 8
layers of the test pattern where the first layer is located at 150um (in AD) below the
surface and each layer has a separation of 150um so that in total the inscribed depth
reaches 1200um (in AD, so that the real depth (RD) is ~1753.2um (1200um x 1.461 (the
refractive index of fused silica at the wavelength of 532nm) = 1753.2um). A set of radial
lines is inscribed in the landmark layer that have an angular separation of 45 degrees.
This design enables the end user to easily control the location of the phantom relative to
the field of view of the OCT system and overcome the orientation challenges observed

with the previous grid pattern.

The circular pattern is inscribed on each layer in this phantom design. Each layer
includes a set of 40 circles with increasing radius (i.e. a radius difference of 254um),
where the radius range varies from 0.254mm to 10.16mm. Due to the power loss when
penetrating to deeper layers, each layer is inscribed with different laser powers between
40% and 100% of the total laser output power, where 40% of the laser power was used
to inscribe the top layer and 100% of the laser power was used to inscribe the deepest
layer. The laser power difference for each layer is identical, with the aim of obtaining a
consistent linewidth for each layer. The pattern was inscribed on a planar-convex fused
silica lens which has a central thickness of 3.8mm and an edge thickness of 2mm. The

moving speed for the stage was set to 4mm/s and the writing speed was set to 1mm/s.

Landmark layer
|

Inscription pattern’\ -
(8 layers) N e

Top view Cross-sectional view

Figure 6-9. Conceptual diagram for the non-planar circle-like phantom with the top view
and the cross-sectional view showed.

Y. Lu, PhD Thesis, Aston University 2021.
156



Alignment is always a challenge when placing a sample on the CNC stage to ensure its
flatness, especially for a non-planar substrate which increases the difficulty. Four
equidistant points on the planar side of the substrate were chosen to assist the alignment.
A CCD camera was used in this alignment process to determine the focus position along
with the adjustment through both software control of the CNC stage and the manual
adjustment of a goniometer base. To ensure a high degree of alignment of the sample,
a software program was designed to inscribe various minor marks to verify the surface
and the alignment. The alignment is adjusted until at least three points on the edge were
focused at the same position, at which point the alignment process is completed and the
fourth point can be used to verify the alignment. The program was set to start at the
center of the surface. The laser inscription was started from the lowest layer (i.e. the

deepest layer) to avoid scattering caused by modified regions.

The phantom design was initially tested and fabricated in a planar substrate shown in
Figure 6-10(a) and then extended to a non-planar phantom shown in Figure 6-10 (b).
This illustrates that a highly simple and repeatable one-step fabrication process can be

employed by using a femtosecond laser system.

(a) (b)

Figure 6-10. Phantom design pattern: (a) the pattern initially tested and fabricated in a
planar substrate; (b) the pattern fabricated in a curved lens (LA4380, Thorlabs) viewed
under an OCT system (Optimec is830 SD-OCT system).

6.3.3 Results and discussions

Both an optical microscope (Axioscope 2 MOT Plus, Zeiss) and an OCT system
(Optimec is830) were used to characterise the OCT phantom. The microscope
measurement provided information on the linewidth of the inscription in the XY plane
which is parallel to the translation stage, and the layer depth for the Z-axis while the OCT

system provided a cross-sectional image or a depth profile of the phantom. The
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comparisons between the setting parameters and the measured parameters of the layer

depth are presented in Figure 6-11 to show the accuracy of the laser fabrication.

1400 T T T T T T T

1200 [~ T

1000

800 - q

600 - x .

Layer Depth (zm)

400 - b

200 - b

Measured Value
Design Parameter

0 I 1 I I 1 1 1
0 1 2 3 4 5 6 7 8

Layer Number

Figure 6-11. The comparison of design parameter values and measured values from the
microscope measurement of the OCT phantom by using a 20x objective lens. The layer
depth is in apparent (measured) depth (AD).

It can be seen that there is a high degree of alignment accuracy so that the measured
values are almost identical to the designed value (with +/-2um error tolerance) (i.e. the
landmark layer was set to 50um below the planar surface and the measured value of the

landmark layer depth was ~50.945um).

The microscope images taken using a 5x objective lens are shown in Figure 6-12(a) and
(b) which Figure 6-12(a) was taken from a planar surface and Figure 6-12(b) was taken
from a curved surface of the phantom. Figure 6-12(a) shows that there is high degree of
agreement between the design value (i.e. 254um between each circle) and the
measured value for the spherical radius (i.e. ~254 + 1um between each circle). Figure
6-12(b) shows a microscope image when viewing the phantom from the curved surface.
It can be seen that the radius difference between each circle is ~258um £ 1um, a 4um
difference to the measurement taken from the planar surface. This may be due to the
curvature of the lens distorting the image slightly, however, the separation is consistent

for each circle indicating that the sample is not misaligned.
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Figure 6-12(c) and (d) show the linewidth in the XY plane via an optical microscope was
measured. The microscope image was acquired using a 20x objective lens taken from
the planar side at the 5th layer (at 752.485um in AD below the planar surface) showing
a linewidth of 6.3um. Figure 6-12(d), the microscope image was captured by using a 20x
objective lens taken from the planar side at the 7th layer (at 1054.252um in AD below
the planar surface) showing a linewidth of 6.3um. Therefore, varying the laser power

was successful in ensuring that the linewidth of the inscription is consistent for each layer.

B
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Figure 6-12. (a) Microscope image using a 5x objective lens taken from the planar side of
the phantom; (b) microscope image using a 5x objective lens taken from the curved side
of the phantom; (c) microscope image using a 20x objective lens taken from the planar
side at the 5th layer (at 752.485um in AD below the planar surface) showing a linewidth of
6.3um; (d) microscope image using a 20x objective lens taken from the planar side at the
7th layer (at 1054.252pm in AD below the planar surface) showing a linewidth of 6.3um.

Subsequent to the microscope characterisation, the phantom was then characterised
using an OCT system (Optimec is830 system). Example images taken by this system
are shown in Figure 6-13 and Figure 6-14 that verify the phantom design and illustrate
its potential use as a calibration phantom. A solid line for the landmark layer (shown in
yellow) indicates that the scan position went through the central point and parallel to a
landmark line, this is helpful if using this phantom to correct the image distortion since it
gives a known cross-sectional position. Figure 6-13 shows the view from the planar side
of the phantom which is a non-distorted image. It be seen that the landmark layer and
all eight layers of the pattern are clearly visible in the OCT image. The parameter
measurement on the OCT image matches the designed parameters and the microscope

measurements.
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Figure 6-13. OCT image taken from the planar surface of the phantom. The scan pattern
FOV is 19.00mm x 5.42mm. The scale bar is 500um. The value indicated on this image is
in real depth as the refractive index is applied.

Figure 6-14 shows an image taken from the curved surface of the OCT system. The
pattern is distorted because of the curvature of the lens. For example, an ophthalmic
application measuring a patient’s eye, the OCT system would use a post-processing
algorithm to correct the distortion, but this assumes a given curvature and refractive
index of the lens. Moreover, the central area of this OCT image is much weaker
compared with the image taken from the planar surface and the spot seems to be

expanded vertically.
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Figure 6-14. OCT image taken from the curved surface of the phantom. The scan pattern
FOV size is 19.00mm x 5.42mm. The scale bar is 500um.

6.3.4 Further discussions

A circle-like non-planar phantom has been developed to act as a multi-purpose
calibration phantom. With the circular pattern, the angular issues that the grid-like
phantom presented have been overcome and this improved the ease of the alignment
process for scanning. Moreover, the landmark layer is designed and used to guide the
scanning position. Although the laser energy was varied at every depth, at this time when

developing this phantom, the focus was on the linewidth on the X-Y plane as with varied
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laser pulse energy, the linewidth for each layer is fairly consistent. However, it can be
noticed that the spot size showing under the OCT system is not consistent with the first
layer showing a larger spot size but smaller size spots showing at deeper depths. This
would affect the measurement of the separation between each spot as the separation
between each spot needs to be used into the quantitative method to correct the distortion.
Therefore, in order to keep the sport size consistency for both the linewidth and the
inscription height for all the depth, a further optimisation on the fabrication will be

beneficial for the quantitative method development.

6.3.5 Section conclusions

In summary, a spherical pattern with a landmark layer is used in a new phantom design.
This phantom can be used to assess, characterise and calibrate the OCT system that
are designed to measure non-planar samples. The spherical pattern overcomes the
issues previously observed that were caused by the unknown alignment angle of the
phantom when measuring the phantom with the OCT system. With this new phantom
design, the post-processing image distortion correction can be validated since the
landmark layer can confirm the exact location and orientation. The planar side can then
provide a standard reference when comparing to the curved side. This phantom can be
effectively applied to detect and potentially quantitatively correct the distortion based on
a self-comparison method. By using the planar side as a standard reference (i.e. non-
distorted image) and comparing it with the distorted image, any post-processing

algorithms can be validated to ensure optimum system performance.

6.4 Optimised non-planar OCT phantom

6.4.1 Introduction

A non-planar circle-like OCT phantom was presented previously and demonstrated as a
multi-purpose phantom. A quantitative method can be potentially developed based on
the phantom. However, the consistency of the spot size is essential to the development
of a universal calibration phantom as it could affect the measurement distance between
each spot. After a detailed study on the laser power and the inscription size (discussed
in Chapter 4), an optimised fabrication process has been proposed and applied to

improve the phantom fabrication.
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6.4.2 Phantom design and fabrication

The third phantom design is based on the optimised previous circular phantom where,
in order to keep the consistency of the inscription size, the laser pulse energy settings

have been further optimised based on the findings presented and verified in Section 4.5.

The phantom comprised of 8 test pattern layers and one landmark layer inscribed in total.
The laser power range was set between 20%-55% of the total average output power
with 20% was used to inscribe both the landmark layer and the first layer pattern. The
inscription power was increased in 5% power steps as the depth increased, so that 25%
of the laser power was applied to inscribe the second layer, then 30% for the third layer,
35% for the fourth layer and so on. The layer separation was the same as the previous
circular phantom. The landmark layer was located 50um (in AD) below the planar surface
with the first layer located at 150um (in AD) below the planar surface. There was a
150um (in AD) layer separation set between each test pattern layer. At each test pattern
layer comprised of 40 circles with a separation set to 254um. The design was firstly
tested on a planar fused silica substrate (shown in Figure 6-15(a) to inspect both the
linewidth and the inscription height and then inscribed on a non-planar substrate (shown
Figure 6-15(b)). The edge of the plano-convex lens (LA4380, Thorlabs) was coated

therefore, it cannot be seen through to inspect the cross-sectional profile directly.
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Figure 6-15. Femtosecond laser inscribed phantom: (a) the phantom design was initially
tested on a planar substrate; (b) the phantom was then inscribed on a non-planar substrate.

6.4.3 Results and discussions

After the fabrication, the phantom was then characterised with an optical microscope
(Axioskop 2 MOT Plus, Zeiss) and an OCT system (Optimec is830 system). A
commercial OCT system (Carl Zeiss Cirrus HD-OCT 5000) was used to validate the
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phantom and compared the performance with the other OCT system. For the microscope,
both a 5x objective lens and a 20x objective lens were used. The 5x objectives lens was
used to inspect the overall inscribed pattern and the cross-sectional profile. The 20x
objective lens was used to measure the linewidth and the distance between each circle.

Both OCT systems were used to inspect the cross-sectional profile of the phantom.

Both the planar surface and the curved surface were inspected under a 5x microscope
objective lens to show the landmark layer and the first pattern layer. Figure 6-16(a) and
(b) were viewed from the planar surface while Figure 6-16(c) and (d) were viewed from
the curved surface. The diameter for the first circle was measured as ~508.8um viewed
from the planar surface (a non-distorted image) and ~521.44um viewed from the curved
surface (a distorted image due to the curvature of the lens). It can be seen there is a
difference of ~12.6um presented for the diameter, although the same pattern layer was
inspected. Therefore, it illustrates the impact of the image distortion when measuring

through a non-planar surface.

(a)
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(c)
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Figure 6-16. Microscope images using a 5x objective lens showing the landmark layer and
the first test pattern layer: (a) the landmark layer viewing from the planar surface; (b) the
first test pattern layer viewing from the planar surface with the diameter of the 1%t circle
measured as 508.8um; (c) the landmark layer viewing from the curved surface; (d) the first
test pattern layer viewing from the curved surface with the diameter of the 1t circle
measured as 521.44um.

Figure 6-17 shows a microscope image of the landmark layer using a 20x objective lens.
The landmark consists of radial lines with angular spacing of 45-degree. Figure 6-18
show the microscope images of the linewidth measurement at different depths. It can be
seen from Figure 6-18(a) to (d) that the linewidth for different depths is consistent, which

were measured as ~2.6+0.3um across all the depths.
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Figure 6-17. The microscope image using a 20x objective lens showing the landmark layer.

(@
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(c)
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(d)

Figure 6-18. Microscope images using a 20x objective lens showing the linewidth
measurement for different depths: (a) the linewidth measured as 2.61um for the 1st layer
located at depth of 150.603um (in AD); (b) the linewidth measured as 2.62um for the 2nd
layer located at depth of 301.002um (in AD); (c) the linewidth measured as 2.59um for the
5th layer located at depth of 753.831um (in AD); (d) the linewidth measured as 2.64pum for
the 8th layer located at depth of 1204.62um (in AD).

Figure 6-19 shows a microscope image of the cross-sectional view of the phantom that
was inscribed in a planar substrate and fabricated using the same parameter settings.
The layer separation was measured as ~219.84um (in real depth (RD)) and the circle
separation measured as ~254.69um which matches the designed value and the
measurement shown in Figure 6-16(b). As previously mentioned, the edge of the non-
planar lens is coated, hence, it is not possible to view the cross section of the lens with
microscope. Therefore, the planar substrate is used for a reference. With the optimised
power setting, both the linewidth and the inscription height can be kept consistent with
similar sizes across all the layers. A summary for all the key parameters is presented in
Table 6-3.
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Figure 6-19. The microscope image showing the cross-sectional view of the circular
phantom inscribed in a planar substrate fabricated using the same parameter settings with
the inscription height measured. The layer separation was also measured as 219.84pm (in
real depth (RD)) and a circle separation measured as 254.69um.

Design Measured Inscription Inscription
Layer No. Parameters Values Linewidth Height
(um) (um) (um) (um)
1 150 150.603 26 32.17
2 300 301.002 2.6 32.17
3 450 451.197 26 32.17
4 600 602.514 26 33.51
5 750 753.831 26 33.51
6 900 903.414 26 33.51
7 1050 1053.813 26 33.51
8 1200 1204.62 2.6 34.85

Table 6-3. Microscope measurement showing the comparison between the designed
values and the measured value for the depth with the inscription linewidth and inscription
height measured to show the consistency of the inscription size.

After the microscope characterisation, an OCT system (Optimec is830 system) was used
to characterise and validate the phantom. In Figure 6-20, OCT images show the cross-
sectional profile of the pattern with one image viewing from the planar surface (shown in

Figure 6-20 (a)) and one image viewing from the curved surface (shown in Figure
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6-20(b)). In Figure 6-20 (a), the central thickness was measured as ~3.79mm which
matches to the lens specification data of 3.8mm. The first circle diameter was measured
as ~509um which is also showing agreement to the designed value of 508um. Therefore,
the OCT measurement shows a strong agreement to microscope measurement and the
designed parameter values. It can be seen from Figure 6-20 (b), due to the curvature of
the lens, the inscription pattern was slightly bent compared with the image showing in
Figure 6-20 (a), which means that the image is distorted, and the system has not

corrected it.

In both images, all surfaces are marked in red with the landmark layer being marked in
yellow. A solid landmark line indicates that the scanning position went through the centre
of the phantom and it was parallel to the landmark line. However, either a solid line or a
single dot in the centre can indicate that the scanning position goes through the centre.
Moreover, with the laser power further optimised, the spot size is more consistent and
uniform across all layers compared to the OCT image shown in both Figure 6-13 and

Figure 6-14 for the previous version of the circle-like phantom.

Substrate
Total inscription depth: 1.76mm thickness:
3.79mm

Landmark layer

(b)

Figure 6-20. OCT Image taken by Optimec is830 SD-OCT system from both the planar
surface (a) and the curved surface (b). The scan size is 19.00mm x 4.55mm and the pixels
size is 1900 x 512 pixel. The scale bar is 250um. The value indicated is in the real depth as
the refractive index of 1.45 (at 830nm wavelength) is applied to the image.

After the OCT characterisation, the phantom was imaged under a commercial OCT
system (Carl Zeiss Cirrus HD-OCT) to make a comparison. In Figure 6-21, OCT images

are shown viewing from both surfaces, where Figure 6-21(a) presents the image viewing
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from the planar surface and Figure 6-21(b) presents the image viewing from the curved
surface. However, it can be seen that even viewing from a planar surface, the image
shows that the pattern is bent compared with Figure 6-20(a) which shows as a straight
line. This is because that most commercial OCT systems have pre-processing algorithm
embedded to fit a curve (shown in Figure 6-22) such as mimicking the scleral curvature

to the OCT system and correct for instrument-related optical distortion [123].

(b)

Figure 6-21. OCT images taken by a commercial OCT system (Carl Zeiss Cirrus HD-OCT):
(a) viewing from the planar surface; (b) viewing from the curved surface.
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Figure 6-22. OCT image taken by Carl Zeiss Cirrus HD-OCT to show the pre-processing
algorithm to fit a curve to the phantom.

6.4.4 Further discussions

For this optimised OCT phantom, the spot size is shown to be more consistent and
uniform under the Optimec is830 OCT system. However, when imaging with a Carl Zeiss
Cirrus HD-OCT system, there are few challenges seen. First of all, the system does not
have a face-down stage that the sample can be placed like under a microscope. All the
images taken was either hand-held or temporary positioned by a 3D printed holder. A
customised phantom holder would help to capture a clear and still OCT image that can
be used to perform further image analysis. However, for commercial OCT systems, they
are usually fitted with a headrest that can limit the dimension of the holder. It was quite
difficult to find the focus position and also the sample was tilted at a certain angle to
avoid the interference. Those factors could affect the OCT image quality and the

accuracy of the measurement results.

6.4.5 Section conclusions

In this section, an optimised non-planar circle-like OCT phantom has been developed
that can potentially become a multi-purpose calibration phantom. With the consistent
and uniform spot size, it would largely increase the measurement accuracy for analysing
the OCT image. Moreover, it can be potentially used to develop the quantitative method
that can be used to correct the distortion caused from the nature of curvature of a non-

planar surface.
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6.5 Inscription from a curved surface

After the inscription from a planar side, an inscription has been attempted from a curved
surface to illustrate how significantly a curvature of a non-planar surface can affect both
the fabrication and the imaging. The same fabrication process and parameter setting

was used to fabricate this sample.

With regards to the lens alignment, as before, the central of the lens was marked and
four orthogonal points on the edges were selected to be used for the flatness alignment.
When three of the edge points was in focus, the fourth point was used to check. After
that, the lens was fabricated and characterised using both the microscope (shown in
Figure 6-23) and the OCT system (shown in Figure 6-24).

Figure 6-23(a) and (b) show the microscope image using a 5x objective lens viewing the
inscription pattern from the planar surface, where Figure 6-23(a) shows the centre of the
pattern and Figure 6-23(b) shows the edge of the pattern. It can be seen that the
curvature doesn’t have a significant effect to the fabrication compared with the edge of
the lens where the curvature of the lens changed more sharply. The radius
measurements of the first few circles were 254 + 1um, which matches to the designed
parameter value. However, at the edge of the pattern, the radius tends to be slightly
bigger measured as around 258 + 1um. Moreover, the inscription quality has been

affected due to the curvature of the lens.

Figure 6-23(c) and (d) show the microscope image using a 5x objective lens viewing the
inscription pattern from the curved surface, where Figure 6-23(c) showing the centre of
the pattern and Figure 6-23(d) showing the edge of the pattern. It seems that the centre
of the pattern is less distorted compared with the edge of the lens. However, as the laser
inscribed from a curved surface, the optical path and the laser geometrical focus have
been affected by the curvature of the lens. With the depth increasing, the spherical
aberration would distort the inscription more significantly (as discussed in Section 4.4).

A more distorted image would be therefore resulted if viewing from a curved surface.
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(d)

Figure 6-23. Microscope images using a 5x objective lens showing the inscription from a
curved surface: (a) at the centre of the pattern viewing from the planar side with the
measurement of the radius of ~254 * 1um; (b) at the edge of the pattern viewing from the
planar side with the measurement of the radius of ~258 * 1uym; (c) at the centre of the
pattern viewing from the curved side with the measurement of the radius of ~254 * 1um;
(d) at the edge of the pattern viewing from the curved side with the measurement of the
radius of ~254 * 1uym.
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Figure 6-24 shows the OCT images taken by Optimec is830 system presenting the
cross-sectional view of the inscription pattern. Figure 6-24(a) shows the image taking
from the planar surface and Figure 6-24(b) shows the image taking from the curved
surface. It can be seen that the pattern was bent due to the curvature of the lens, even
viewing from the planar surface, which is due to the laser geometrical focus distorted by
the curvature of the lens when fabricating from a curved surface. In Figure 6-24(b), the
image was more distorted as it was viewed from a curved surface. Therefore, the
inscription from a curved surface should be avoided as the curvature of the lens would

significantly affect the laser geometrical focus and result in a distorted inscription.

——————=Landmark layer -

(b)

Figure 6-24. OCT images taken by Optime is830 system showing the inscription from a
curved surface: (a)imaging from the planar side; (b) imaging from the curved side. The
scan size is 19.00mm x 4.55mm and the pixels size is 1900 x 512 pixel. The scale bar is
250um. The value indicated is in the real depth as the refractive index of 1.45 (at 830nm
wavelength) is applied to the image.

6.6 Chapter conclusions

This chapter has presented three versions of the non-planar OCT calibration phantom.
The use of the plano-convex shape of substrate enables the fabricated phantom not only
to calibrate and assess the system performance but also to detect the system distortion,
which makes the phantom a multi-purposes optical device. The grid-like phantom was
firstly presented to demonstrate the use of the non-planar lens with the grid pattern
inscribed to detect the system distortion. However, the grid pattern required a high

degree of alignment when imaging under the OCT system. Therefore, the circle-like
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phantom was then proposed and fabricated as it can overcome the angular issue that
the grid-like phantom presented. In addition, the inscription depth has been extended so
that the total inscription can reach to 1.8mm below the surface. The laser power
parameter has been optimised to ensure a consistent and uniform inscription size to be
maintained for all layers of the pattern. Moreover, a landmark layer was added so that
to help to guide the test location but also it can be further used to develop a quantitative
method to correct the distortion. Furthermore, fabrication was attempted from a curved
surface to demonstrate the fabrication challenge and presented the distorted inscription
caused by the curvature of a non-planar lens. Currently, the quantitative method for the

image distortion correction is still under the development.
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Chapter 7
OCT phantom application

This chapter presents the OCT phantom application for detecting OCT system scanning
errors and provides a phantom-based method to correct the distortion caused by such
errors. In Section 7.2, the scanning mechanism of the OCT system is briefly introduced.
The phantom design, fabrication and characterisation is presented in Section 7.3. The
image analysis and correction methods are described in Section 7.4 to indicate the use
of the OCT phantom to detect the system scanning error and acting as a reference point

to correct the image.
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The content presented in this chapter is currently under collaborative preparation for a
journal submission. The work has been carried out with Dr. lzzati Ibrahim, who
developed the image processing algorithms, and Dr. Benjamin Coldrick, who collected
the OCT data. Firstly, the phantom was designed, fabricated and characterised by the
thesis author and then the phantom was sent to Optimec Systemes (Malvern, UK) to be
validated under the Optimec is830 OCT system for the OCT images by Dr. Benjamin
Coldrick and Dr. lzzati Ibrahim. Then the OCT images were analysed by Dr. Izzati
Ibrahim with my help to understand the phantom design and parameter settings. After
that, the correction method was discussed and carried out with Dr. |zzati Ibrahim for the
image distortion correction. The work has been under the supervision from Prof. Kate

Sugden and Dr. Antonio Fratini.

7.1 Introduction

For OCT imaging systems, there are two types of scanning system normally used that
are galvanometer-based scanners [196] and microelectromechanical systems (MEMS)
[197, 198] to scan across the sample. A galvanometer scanning system provides high
resolution scanning at a very modest rate, but the size is quite large for compact OCT
imaging systems. MEMS based scanning systems are smaller, lower in weight and able
to provide higher rate of scanning than a galvanometer. Despite their advantages in
enabling such imaging technology, all types of scanning systems can add distortion to
the image due to irregularities in the scanning. The MEMS systems are usually driven
with sinusoidal functions which can introduce significant distortion of images [196, 198].
The Optimec is830 OCT system equipped with a MEMS scanning system to capture the
OCT image for the research study presented in this chapter. Work showing how a
phantom can be used to capture an image of an object of known dimensions and then
used to characterise the distortion and then correct for MEMS scanning errors will be

presented.

7.2 Scanning mechanism

For an imaging system using a MEMS mirror for scanning, the scanning angle (0) is

given by:

L+ Ax
S

L
6 = arctan (—) — arctan (

3 )

Equation 7-1
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where L represents the maximum scanning length along X-axis, S is the distance
between the scanning point and the sample and Ax is the displacement of the scanning
length in X-axis. The schematic diagram used to illustrate the scanning position using a

MEMS mirror is shown in Figure 7-1.

Y

Pivot point ’4 X

]

]
[ T
——
L

Figure 7-1. The schematic diagram showing the scanning position using a MEMS mirror.

The mirror is rotated at the pivot point, where the mechanical deflection angle (a) of the
mirror is half of the optical scanning angle (6). For a linear scanning system, the change
in the X-axis (Ax) is linear with respect to the optical scanning angle (6), therefore the

Equation 7-1 can be rewritten as:

g = L (L + Ax)
S S
Equation 7-2
o= av=so
= — > =
S X
Equation 7-3

Errors in the scanning system will induce inaccuracies in Ax, leading to distortion on the
OCT image [199, 200]. These errors may be caused by the non-uniformity of the driving
force and the mismatch between the input current and the mirror-plate position and
frequency [201]. During scanning, the mirror angle can be changed by controlling the
input current that produces the torque that rotates the mirror [202-204]. The angular
motion of the mirrors that deflect the light beam can be represented as continuous

sinusoidal motion as shown in Figure 7-2.
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Figure 7-2. Schematic diagram showing the mirror movement for scanning the sample.

Due to this sinusoidal motion, the spacing between the pixels are non-uniform that leads
to errors in the lateral scan, subsequently also causing errors in the axial scan. Although
this error can be reduced by using a telecentric mirror, some applications require a non-

telecentric scanning system, especially for imaging a non-planar sample [205, 206].

7.3 Phantom design and characterisation

The phantom pattern is inscribed inside a planar fused silica substrate (Ibsen Photonics,
Denmark). The pattern has a total of 9 layers, including a top landmark layer which
located at 50um in apparent depth (AD) underneath of the planar surface and the other
8 layers of circular calibration patterns where the first layer is located at 150um below
the planar surface. There are 40 circles with a fixed increment of the radius for each
layer where the smallest circle has a radius of 254um. The layer separation is 120um (in
AD) so that a total inscription depth is ~960um in apparent depth so that ~1402um in
real depth (i.e. the refractive index of the fused silica at the wavelength of 532nm is
1.461). Each layer is applied with different laser powers to compensate a laser power
loss when travelling to a deeper depth. The average linewidth for each layer of the
circular pattern is around 6um. The circular pattern is used to overcome the angle
limitation of the OCT imaging. The top view image of the fabricated phantom is shown

in Figure 7-3.
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Figure 7-3. The image showing the phantom fabricated using a femtosecond laser with 8
layers of circular patterns inside the substrate. The landmark layer pattern is highlighted
in red. The phantom was designed and fabricated by the thesis author.

An optical microscopy (Axioscope 2 MOT Plus, Zeiss) was used to characterise the
phantom after the fabrication shown in Figure 7-4. The objective lens of 5x and 20x were
used for the measurements. OCT systems were used to validate the phantom after the
microscope characterisation process. In Figure 7-5, the graph shows the comparison
between the designed parameter values and the measured parameter values for the
fabrication of the OCT phantom to indicate the highly precise fabrication of the OCT

phantom using a femtosecond laser.

(a) (b)

Figure 7-4. The microscope image showing the inscribed pattern: (a) The overview image
taken by the microscope using 5x objective magnification lens; (b) the microscope image
showing the circular radius by using a 20x objective magnification lens. This microscope
images were captured and measured by the thesis author.

Y. Lu, PhD Thesis, Aston University 2021.
184



1000 T T T T T T T

900 - h

800 [ n

700 - N

Layer Depth (zm)
3

400 - -
£
300 - -
=
200 -
T
100 T Measured Value |
Design Parameter
o 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8

Layer Number

Figure 7-5. Comparison between the designed parameter values and the measured
parameter values for the fabrication of the OCT phantom. This graph was plotted by the
thesis author.

7.4 OCT image distortion detection and correction

7.4.1 OCT system configuration

The OCT image was taken by the Optimec is830 SD-OCT system with a centre
wavelength of 830 nm. The axial and lateral resolution of the system in air are 12 ym
and 30 um respectively. In addition, the sensitivity of the system is 107 dB at 1.2 kHz.
The system employs a MEMS mirror system to scan the light across the sample. The
systems capture A-scans of 512 pixels that represent the depth of the sample. The lateral
scans (B-scan) are comprised of 1024 A-scans and the meridian to be captured can be
controlled. For this research, the scan meridian was set at 90° while the scan width to
16 mm to allow an appropriate number of points on the circular pattern of the calibration
sample to be detected (approximately 63 points). The sample holder height can be
adjusted to ensure that the best quality OCT image is achieved by ensuring the
measurement layer is in the OCT focus position. The focus position of the OCT is also
dependant on the angle of the measurement probe and the type of the sample that is

imaged.
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7.4.2 OCT image analysis

As the phantom is well characterised with known design parameters, a comparison can
be performed between the real measurement and the designed parameter. The original
OCT image is shown in Figure 7-6 (a) and the marked OCT image with both the detected
real-time point and ideal true position are highlighted in Figure 7-6 (b). As this research
is assessing the lateral scanning errors, only the first layer of the B-scan OCT pattern is

analysed.

It can be seen from the comparison in Figure 7-6 (b), the position of the detected spot
(taken from left to right in the lateral direction) is ahead of the true position at the
beginning of the scan, then lags behind, in a repeating pattern. This error may be

generated by the sinusoidal movement of the mirror during the scanning process.

(b)

Figure 7-6. The OCT image taken by Optimec is830 SD-OCT systems: (a) the original OCT
system; (b) Plot of detected real-time position and ideal true position on the OCT image.
The OCT image was captured by Dr. Izzati Ibrahim and Dr. Benjamin Coldrick and analysed
by Dr. Izzati Ibrahim with the thesis author’s help to understand the phantom parameters.

7.4.3 OCT image correction
7.4.3.1 Methods

In order to correct the image distortion, a phantom-based method is developed. A
geometrical transformation was computed to correct the scanning error which resulted
to the distortion of the OCT image. The following procedures shown in Figure 7-7 are

followed for the data collection and analysis in order to correct the distorted image.
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Detect the point of the first layer (to acquire the x and y coordinates)

Find the distance and the average distance between the points

Find the angle between the detected and ideal points and rotate the image

Do sine fitting on the deviation of the detected points from the ideal true points

Generate the geometrical mapping from the sine function and apply this mapping
to correct the image

Figure 7-7. The procedures used for the data collection and analysis for correcting the
distortion.

The deviation of the position of detected point (X,) from the true position (X.) can be
calculated as:

AX = Xp — Xc

Equation 7-4

The error of scan spacing depends on the distance from the probe to the sample (S) and
the optical scanning angle (6). As the distance from the probe is not changing, the
spacing error is dependent on the scan angle. Plotting the scan spacing AX with respect
to the detected points (presented in Figure 7-8) shows a good match of the sinusoidal

variation to the sinusoidal fitting equation given below:
AX = Xp — X = aq *sin(by * Xp + ¢1)

Equation 7-5

where a; is the amplitude, b, is the frequency and c; is the phase shift for the sinusoidal

fitting curve.
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Figure 7-8. The plot showing the sinusoidal fitting of a distance between the consecutive
points that might be due to the sinusoidal movement of the scanning mirror in projecting
the location of the pixels. This graph was plotted by Dr. I1zzati Ibrahim.

Before correcting for any scan spacing distortion, the image undergoes rotation
correction to overcome the non-linearity in scanning. Given that a detected point from
the calibration phantom is denoted as P with Cartesian coordinates of (x, y) and the
ideal true position is P’ with (x', y') coordinates, the scanning correction applied depends
on the distance of the detected position P, and ideal true position P’, from the centre of
the image Py (x., y.). The image rotation maps the original pixels onto a new position by

rotating the image through an angle (A8) calculated by using the equation defined as:

T'D - Tl

|@r22][@ner

AO = cos™?

Equation 7-6

where 1, and r; are the radial distance of the detected point P (x, y) and the ideal true

point P’ (x', y') respectively, which is calculated using:

— \/(x _xc)z + (y_YC)Z

o JGE + 0

Equation 7-7
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As the lateral scan spacing is affected predominantly on the X-axis, the spacing
correction is applied only on the X-coordinate of the detected point. The scan spacing
correction is performed by applying image transformation process on the image that has
been rotated with the geometrical transformation mapping function. The correction is

given in Equation 7-8:

Xmaps = P(x) + Asin (Zn(P(x)))

Equation 7-8

where A is the distortion coefficient due to the non-uniformity of the scanning process
and is given by the value of a;, acquired from the graph fitting from Figure 7-8 and it
determines the scale of the distortion. High values of A indicates that the image has a
high degree of scan spacing error. The mapping function x,,,,, acts as a function to
transform or move the distorted pixel at coordinates (x, y) to a new position (x', y') by

following the equation:

G(x',y") =T{F(x,y)}

where G is the output image, F is the input image and T is the transformation function.
To ensure the accuracy of the mapping function, an image transformation is applied on
the calibration phantom image first to assess the spacing of point after the transformation.
In transforming the detected point to the corrected position, the red cross in Figure 7-9
is expecting to be moved to the blue circle, i.e. the spacing between each point should

be uniform.

O Ground Truth Position |
¥ Detected Point
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Figure 7-9: Plot of the true position and the detected position on the OCT image. This
image was analysed by Dr. Izzati Ibrahim.

To assess the effectiveness of the transformation, the root mean square error (RMSE)
is used to calculate error of spacing between the corrected point is P and the ideal true

spacing P given in Equation 7-9.
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Equation 7-9
7.4.3.2 Results

The error of the point spacing on the calibration phantom image due to the scanning
error has been corrected using a geometrical transformation based on the angle of
rotation and sinusoidal transformation, with results shown in Figure 7-10. Figure 7-10(a)
shows the image before the correction with the RMSE spacing errors between the points
is 3.098. After implementing the image transform with the mapping function x5, the
gaps between the points have moved and the error has been reduced to 1.046 (Figure
7-10 (b)). The overlay image of before and after correction is shown in Figure 7-11 to
give a clear comparison. The uncorrected positions of the points (labelled in red) have
been moved to the ideal position (labelled in green) to compensate for sinusoidal effect
of the scanning system. This method has shown reduction of the scan spacing error by

82% after performing the image correction.

(b)

Figure 7-10. The OCT images showing the comparison between the original image and the
transformed corrected image: (a) Image of OCT phantom before correction of scan
spacing (RMSE spacing = 3.098) and (b) after correction (RMSE spacing = 1.046). This
image was analysed by Dr. Izzati Ibrahim.
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Figure 7-11: Overlap original image (before correction (in red)) on corrected image (in
green). This image was analysed by Dr. I1zzati Ibrahim.

7.4.4 Discussions

The results demonstrate that OCT geometrical distortion can be corrected using image
post-processing technique based on a known calibration phantom, allowing for better
metrology measurement of the sample. This novel approach can help to overcome these
OCT intrinsic limitations without prior information of the scanning system. It is worth
noting that the calibration phantom design should match the sensitivity of the system
under analysis to ensure appropriate detection. In detail, accurate correction can only
be achieved if the space between the points on the phantom is within the sensitivity of
the imaging system. It needs to be considered that the position of the sample during the
scanning process as this method assesses the spacing between the points, distortion
due to misaligning the scan position to the sample may also induce errors. Accurate
image rotation is essential to ensure that the image of the sample is perpendicular to the
line of sight of the OCT system. This will minimise the error of spacing due to the

nonparallel sample to the FOV of the camera.

Currently, only the planar phantom has been used to detect the OCT system distortion,
the non-planar phantom can be used for the further expansion of this method to correct
the distortion caused by the curvature of the lens. The work for the non-planar phantom

is still under investigation.

7.5 Conclusions

This chapter has presented the OCT phantom application for detecting the OCT system
scanning errors and being used as a reference point to correct the image distortion
caused by the errors. These errors cause significant problems in metrology for obtaining
accurate size and depth measurements for samples via an OCT imaging system. A
phantom-based image post-processing method has been introduced by employing an

OCT calibration phantom to measure the deviation of the point position with regards to
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the idea true position. The mapping function was established based on this deviation to
correct for the scan spacing of the OCT system, thus reducing the error of the pixels
location on OCT images. The phantom-based distortion correction methods showing the

potential of the OCT phantom being a multi-purpose calibration device.
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Chapter 8

Conclusion and future works

8.1 Conclusion

This work has extensively explored the use of a femtosecond laser to fabricate highly
precise microstructures for developing multipurpose 3D OCT calibration phantoms. The
use of the direct femtosecond laser writing technique enabled a single-step fabrication
procedure that can be easily implemented to make the OCT phantoms with a high level

of accuracy and repeatability.

The motivation of the work was based on the fact that there is no standard available to
calibrate and compare the performance between different OCT systems. With rapid
development and extensive applications of the OCT system as clinical diagnosis devices,
there was a need to develop an optical device (so called OCT phantom) that can be
used as a calibration tool and to act as a 3D optical ruler to assess and compare the
performance between different OCT systems which aimed to be universally accepted as

a measurement standard.

A comprehensive literature review on different phantom fabrication methods was
undertaken. The approaches have been compared to highlight the benefits of using a
femtosecond laser to fabricate the phantom over other fabrication methods. Previously
reported fabrication methods include nanoparticle doped into a clear epoxy resin to
measure the 3D point spread function (PSF) of OCT system and tissue-mimicking OCT
phantoms. However, the nanoparticle-dope method indicated the issue on the reliability
and accuracy as the uncertainty can be caused by occasional aggregation of the
particles and imperfection of the silicones. Tissue-mimicking OCT phantoms are
compatible with both organic and inorganic optical scatters and mimic the properties of
human tissue. However, the phantom had a very short lifetime (i.e. two years maximum)
with multiple fabrication processes required. A femtosecond laser inscribed OCT
phantom with four test patterns (i.e. PSF, sensitivity, lateral resolution and distortion)
included inside a fused silica was presented by researchers at Aston University in 2012
to show the potential possibility of fabricating OCT calibration phantoms. By using this
approach, a high accuracy and long lifetime (i.e. more than 8 years based on recent
tests) can be achieved with a high repeatability for the fabrication process. However, the

inscription method needed to be optimised as the previous method did not allow the
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consistency and uniformity of the inscription for all the depths due to limitations in the

writing algorithms. Therefore, one aim of the work was to optimise the inscription method.

Prior to the fabrication optimisation work, a detailed in-depth study was performed on
investigating the correlation between laser power and the inscription size. A series of
lines were inscribed with different laser pulse energies. Both the linewidth in the X-Y
plane and the cross-sectional inscription height in the Y-Z plane were measured and
characterised with an optical microscope and an OCT system (i.e. the Optimec is830
system). The results showed that with increased laser pulse energy, both the linewidth
and the cross-inscription height were increased. A linear correlation was apparent
between the laser power and the linewidth. A non-linear correlation was observed
between the laser power and the cross-sectional inscription height associated with non-
linear effects such as spherical aberration and the Kerr self-focusing which elongated
the inscription in the axial direction. The critical power of self-focusing exceeded when
the laser power was around 63% of the total laser average output power. It can be seen
that a dramatic change in the size of the inscription height appeared after this critical
point which matches the theoretical calculation. As the non-linear effect caused made it
difficult to control the inscription size along the axial direction, a laser power range below
the self-focusing threshold (i.e. 20% - 55%) was selected to inscribe the phantom which
was still enough to reach to a greater depth (i.e. 1.8mm deep in real depth (RD) from the

front surface) whilst allowing control of the inscription size.

The phantom fabrication optimisation process concluded with a redesigned layer-by-
layer inscription method which allowed inscription at a greater depth and enabled the
inscription size to be uniform and consistent for all the depths. This required the laser
power to be reset at beginning of the inscription for each layer. The power selected was
based on the results of the characterisation tests. Post-fabrication characterisation
showed the cross-sectional inscription to be consistent and uniform under the OCT

system with this optimised method.

In order to extend the use of OCT phantoms, a multipurpose non-planar phantom was
initially proposed with grid pattern inscribed inside a plano-convex lens as the planar
side provided a standard non-distorted image and the curved side provided a distorted
image which can be used to detect the scanning errors and the post-processing
algorithms of the OCT system for the distortion correction. However, the grid pattern
required a high degree of alignment control under the OCT system since it required the
sample to be centred and the scan to be parallel to the pattern. After discussions with

OCT system users, a circular pattern was proposed to overcome this alignment issue.
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An alternative circular pattern was developed that also included a landmark layer
inscribed at the top of the test pattern to guide the location. An inscription attempt from
a curved surface was made to illustrate how significant the affect induced by the
curvature of the lens can be as the inscribed pattern was bent over along the curved

surface which caused distortion of the inscription.

In addition, the OCT phantom was screened under a commercial OCT system (i.e. Carl
Zeiss Cirrus HD-OCT 5000) to validate the application. Since the commercial OCT
system was designed to inspect the human eyes and includes an embedded pre-
processing algorithm to adjust for curvature, it emphasised distortion effects that can
occur from the software. Even imaging from the planar surface generated a distorted
image. It has to be noted that the alignment of the sample was challenging as a special
holder to hold the sample upright was required for the OCT setup and uncertainty also

caused by the tilted angle to avoid strong backscattering interference.

To validate the use of a phantom to correct for OCT system distortion, a planar phantom
was designed and used as a reference point to correct the distorted image due to the
scanning errors caused by the OCT system (in this case the Optimec is830 system). As
the scanning errors were associated with lateral scanning, only the first layer of the
inscribed pattern was selected for detailed investigation. All the point separations were
measured and used to calculate the difference compared with the designed data. The
results demonstrated how a known phantom-based distortion correction method can be

used.

8.2 Future works

The non-planar OCT phantom which has been successfully demonstrated as a
multipurpose optical device in this thesis, can be further extended to correct the image
distortion caused by the nature of the curvature of the lens based on a phantom-based
self-referencing/self-comparison method. However, to establish this method, OCT data
from different OCT systems are required to be collected and tested to validate the
method. Moreover, commercial OCT systems require further investigation in order to
validate the OCT phantom to enable the OCT phantom to become universally accepted
as a calibration device across different types of OCT systems. It is worth developing a
specific holder for the calibration sample to be mounted to the commercial OCT systems

in a reliable and repeatable manner.
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In addition to this, different transparent materials and different curvatures of the plano-
convex lens can also be tested to explore how well OCT systems cope under varying
degrees of lens like distortion. Phantoms comprised of composite materials could also
be explored as a means of simulating the varying tissues with various refractive indices

and structures which may be experienced in biomedical imaging.

Further work should also focus on the work undertaken on the image processing of OCT
systems. For example, a software package could be created to measure and analyse
the distortion created by the phantom given a measured B-scan or C-scan and the known
parameters of the phantom. This would allow for performance of the OCT system to be
measured in addition to the required transformation to correct for OCT system introduced
distortion, which is similar to the post-processing correction algorithms presented and
discussed in chapter 7. The phantoms developed in this work and such a software
package could potentially be commercialised as the first complete OCT performance

measurement, distortion measurement and correction solution.
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Appendices

Appendix A
Measurement on thicknesses of the fused silica substrate

Here listed the physical substrate thickness measurement for 14 sample substrates

which were tested by using a micrometre:

Sample Thickness
No. (mm)
1 2.04
2 2.06
3 2.06
4 2.06
5 2.06
6 2.07
7 2.07
8 2.04
9 2.06
10 2.07
11 2.07
12 2.04
13 2.03
14 2.08
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Appendix B

Line plots for the correlation between the inscription height (in pm) and the laser

power (% of the total output power).

(a) Inscription height at depth of 99.399um
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(h) Inscription height at depth of 1150.05um
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