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Abstract

Laser machining techniques are almost ubiquitous in industry for micro- to nanoscale
fabrication. It is essential for the advancement of the field that faster, cheaper processes
be developed. Enhancements in speed and fidelity of production can be made to both ad-
ditive and subtractive writing techniques by using Digital Micromirror Devices (DMD),
particularly when coupled with femtosecond laser pulses. The objective of this thesis
is the demonstration of DMDs used in conjunction with ultrafast laser pulses for both
novel and rapid machining applications; primarily image-projection based techniques,
using DMDs as dynamic intensity masks, will be used for subtractive patterning, laser-
induced transfer, multi-photon polymerisation and centimetre-scale micro-machining.
The dynamic nature of the DMD enables its application to the field of multiple ex-
posures, and the centimetre-scale machining is applied to functional biological assays.
Adaptive mask techniques are used to enhance the image reproduction achieved, correct
for positional errors introduced by translation stages, as well as to attain greyscale in-
tensity control with a DMD in single ultrashort pulses. A new technique for producing

digital holograms is developed, and will form the basis of future work.

Image projection-based patterning using DMDs as dynamic intensity masks is shown
via ablation, multiphoton polymerisation and Laser-Induced Transfer (LIT). Ablation
was achieved in a range of materials (including, but not limited to: gold, graphite,
diamond, bismuth telluride and antimony telluride, glass, nickel, glucose, and gelatin),
with 2 micron resolutions in samples and overall sizes of ~lcm?. A multiple exposure
technique reduced final structure resolution by ~2.7x compared to the diffraction limit
possible in a single exposure — from 1um to 370nm on one experimental setup, and from
727nm to 270nm on a second setup. The first demonstration of shaped, solid-phase LIT

deposits has been made, both in forward and backward directions of transfer.

Adaptive optics techniques have been developed for DMD mask corrections, and have
reduced the positional error of samples introduced by translation stages. Greyscale
intensity patterns have been projected at samples using the strictly binary-style DMD
display technology, and the loss of intensity in high spatial frequencies at the sample has
been addressed. A novel method for the generation of binary holograms is introduced,
which allows for several additional degrees of control over spatial intensity patterns when
using DMDs, such as the effective mask position relative to imaging optics, greyscale
control, the formation of images at multiple planes, phase control, and overall lateral

shifts of the intensity distribution below a single DMD pixel width.

iii



Acknowledgements

First of all, my thanks go to Rob for taking me on as his final student. Your positive
energy and enthusiasm were clear since my first year in undergrad, where you somehow
explained wave physics with the use of ‘virtual strings’ by waving your arms around at
the front of the lecture theatre, and I consider myself very lucky to have had you as
my PhD supervisor. I hope I’ve managed to adopt some fraction of your attitude into
my presentation style, you’'ve made it very easy to get excited about new work over the

years.

Ben, you've been an enormous help both in the lab and during outside discussions. I
hope I've been a satisfactory first student — can’t have been too bad, if we're going
to co-supervise someone else soon! You’ve been a great support throughout the entire
PhD, always ready to help with some new experiment. I'm just about set to get into
areas of research I've been fascinated by for over ten years, and of course that wouldn’t

have been possible without all that you've done.

To past group members, Matthias Feinauegle and James Grant-Jacob, I couldn’t have
gotten up to speed on half the equipment I did without you showing me the ropes.
Matthias, you were always ready with an insight into how to tweak things for an im-
provement, and the entire ‘laser-induced transfer’ section of this thesis wouldn’t have
happened without the basis of your work. James, you’re an endless source of new project
ideas, even after leaving the group, and of course it would have been quite a different

PhD without you...

The work in this thesis has been kindly supported by the Engineering and Physical
Sciences and Research Council (EPSRC) grants EP/1.022230/1 and EP/J008052/1.

v



Contents

Declaration of Authorship
Acknowledgements

1 Introduction

1.1 Motivation . . . . . . . . . e
1.2 Thesis Outline . . . . . . . .

Experimental equipment and setup

2.1 Introduction . . . . . . . . ...
2.2 Femtosecond laser pulses . . . . . . . . .. ...
2.2.1 Mode-locking . . . . ...
2.2.2  Femtosecond laser-material interactions . . . .. .. .. ... ..
2.3 Digital micromirror devices . . . . .. ... Lo o L
2.3.1 Mechanical description . . . . . . . ... 0L
2.3.2 Optical description . . . . . . . . . ...
2.4 Experimental Setup . . . . ... L
24.1 Beamlines . . . . . ... ...
2.4.2 Software . . . . . . ..
2.4.3 Limitations and future upgrades . . . . . .. .. ... ... ...
2.5 Competing beam shaping technologies . . . . . ... ... ... ... ..
2.5.1 Liquid crystal SLMs . . . . . . .. ..o
2.5.2 Other MEMS devices. . . . . . . . .. ... . ... ...
2.6 Conclusions . . . . . . . . .
Image projection-based subtractive patterning
3.1 Diamond ablation . . . . . . .. ... o
3.2 Thin film ablation . . . . . ... ...
3.3 Rapid Patterning . . . . . . . ...
3.3.1 Method . . . . .. ..
3.3.2 Large scale structures . . . . . . .. .. ... L.
3.3.3 Discussion . . . . ... Lo
3.4 Stem cell scaffolds . . . . . .. . ... .
3.4.1 Directly machined assays . . .. .. ... ... ... ... ...
3.4.2 Moulded assays . . . . . ...
3.5 Discussion . . . . ...

N =

00 00 O T B R

10
14
15
19
21
24
24
26
28



4 Additive Patterning 61

4.1 Introduction . . . . . . . . . .. 61
4.1.1 LIFT. ... . 61

4.1.2 LIBT ... e 63

4.2 Experimental results . . . . . .. ... 65
4.2.1 LIFT . . .. 65

4.2.2 LIBT . .. e 71

4.2.3 Shadowgraphy of LIBT . . . ... ... ... ... .. ... ... 74

4.3 Modelling of LIBT . . . . . . . . . . 82
4.4 Conclusion . . . . . . . . . 85

5 Multiple Exposures 87
5.1 Thin bridge production . . . . . . . .. ... L 89
5.1.1 Non-overlapping exposures. . . . . . . . . . . . o 89

5.1.2  Overlapping exposures . . . . . . . . . . . .. 94

5.1.3  Overlapping exposures on thin film . . . . . .. .. ... ... .. 94

5.2 PSME for improved resolution . . . . . . . .. ... ... ... ...... 96
5.2.1 PSME using ablation . . . . . ... .. ... 000 96

5.2.2 PSME of photoresist . . . . . . ... ... ... ... ... 105

5.3 Discussion and Future Work . . . . . . .. . ... ... L. 106

6 Mask correction 110
6.1 Introduction . . . . . . . . . ... 110
6.1.1 Optical proximity correction . . . . . . . . . . . ... ... .... 110

6.1.2 Angular Spectrum Method . . . . . ... ... ... ... ... 111

6.1.3 Gerchberg-Saxton algorithm . . . . . . . ... ... .. ... ... .. 112

6.2 Mask shifting . . . . . ... 114
6.3 Continuous intensity control . . . . . . . .. ... 0oL 119
6.4 OPC automation . . . . . . .. . .. . ... ... 126
6.5 Binary holograms . . . . . . . . . ... Lo 128
6.5.1 Single intensity, single image plane . . . . . . . .. ... ... .. 129

6.5.2 Under femtosecond illumination . . . . . . . . . .. ... ... .. 131

6.6 Discussion and future work . . . . . ... ... oL 133

7 Conclusions and future work 136
7.1 Image projection-based subtractive patterning . . . . . . . .. ... ... 136
7.2 Laser-induced transfer . . . . . ... . ... ... ... L. 137
7.3 Multiple exposures . . . . . . ... 137
7.4 Binary holograms . . . . . . . . ... 138

A Published Work 139
B LIBT code 175
C OPC automation description 186
D Binary hologram discussion 190
D.1 Peak intensity control . . . . . ... ..o oo 191
D.2 Greyscale control . . . . . ... 192
D.3 3D field control . . . . . . ... 194



D.4 Phase control

D.5 Sub-pixel image shifting . . . .. ... ... 0

Bibliography

vil



Chapter 1

Introduction

1.1 Motivation

Fabrication processes at the micro- and nano-scale are essential for emerging technolo-
gies which rely on ever-smaller feature sizes. Gordon Moore famously predicted in 1965
that the number of components on an integrated circuit board per unit cost would
roughly double every two years [1], with much of this exponential improvement relying
on the reduction of individual component sizes. Originally foreseen as likely to continue
for at least ten years, Moore’s law has held (up to some fluctuation) for the past five
decades, meaning a vast improvement has been made within computer science over the
last half-century, enabling any scientific endeavours capable of taking advantage of en-
hanced processing power.

The production steps involved in creating state-of-the-art integrated circuit boards, how-
ever, are somewhat restrictive. Clean-room environments, bespoke lithography masks,
and multiple exposure steps, often involving the use of complex chemicals, are typically
required. Processes are also often optimised for a narrow range of materials, with sil-
icon being of particular importance in the semi-conductor industry, for example. The
industry is, to an extent, focused on high throughput of identical devices, such that
a great deal of cost can be afforded to the initial preparation of sample production.
This approach is less conducive to fast prototyping of micro-scale features, especially in
novel materials, or using novel processes; a high cost associated with each iteration of a
prototype device is difficult to maintain. For this reason, alternative methods must be
developed for the rapid fabrication of samples with micro-scale features with bespoke
designs and material requirements.

While such techniques exist that produce nanoscale resolutions, with features as small as
2nm reported via electron-beam lithography for example [2], or greater material removal
speed, such as laser galvo-scanning (~10ms~" line-patterning speed [3]), there is usually
a trade off between the two. The objective of this work, therefore, will be to demon-
strate machining at a resolution comparable to other optical methods via femtosecond
laser pulses and DMDs, in a wide variety of materials — enabling a wide range of fast
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prototyping applications. These materials will include metals, ceramics, glasses, and
photo-sensitive polymers, among others. While the overall volume of material removed
per exposure when using a DMD as an intensity mask is unlikely to reach that attainable
with a focused spot (as some intensity is lost at the point of masking), the complexity of
each feature per exposure may mean that the line-patterning speed possible via DMD
exposure is greatly enhanced in comparison to galvo-scanning. Machining a serpentine
path via galvo-scanning would require many overlapping exposures, for instance, while
the entire path (or section of path) could be exposed simultaneously via DMD image-
projection based machining. Some processes, of course, are not amenable to focused
spot machining, and require a mask — one such example being the shaped laser-induced
transfer in Chapter 4. The demonstration of the use of a DMD in any such process will
be of interest, as a result of the inherently rapid nature of mask generation using a DMD.

The following work is based on novel microfabrication techniques that combine the in-
herent speed and machining accuracy (in terms of feature size and disruption to adjacent
features) of femtosecond laser pulses [4] with Digital Micromirror Devices (DMDs). The
goal of this research is to enhance the use of DMDs as a manufacturing tool for fast
prototyping, by characterising the fidelity of machining possible in a range of materials,
developing automation incorporating DMDs to demonstrate centimetre-scale patterning
with micro-scale features, and by extending the understanding of a DMD as an optical
element.

1.2 Thesis Outline

As a range of micro-fabrication techniques are explored in the thesis, each chapter will
begin with a literature review on the respective process.

A brief outline of ultrafast pulse generation and their interactions with matter are given
in Chapter 2. A mechanical and optical description of DMDs is also given, as well as
details of the experimental setups and control software used during this thesis. A review
of alternative optical micro-processing techniques is also given in this chapter.

The potential of DMD image projection-based subtractive patterning with ultrafast
laser pulses is demonstrated in a range of materials in Chapter 3. The ablative pat-
terning of areas of ~ 100mm? with feature sizes on the order of ~1um is shown, which
took a matter of hours and could be scaled up to faster speeds. Such large area pat-
terns have been used for the production of novel cell growth arrays with applications in
regenerative medicine.

Laser-induced forward transfer (LIFT) of shaped, solid-phase materials is shown in
Chapter 4. Additionally, deposits created via laser-induced backward transfer (LIBT)
are shown, including examples with nano-scale imprinted surface. Shadowgraphy has
been used to determine the dynamics of LIBT, and modelling efforts have recreated
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some features of the observed results.

Chapter 5 explores a method for producing reduced feature sizes, and patterns in mul-
tiple pulses with final resolutions which would be below the diffraction limit of the used
optical setup for features produced via ablation in a single pulse. Multiphoton poly-
merisation (MPP) of similar compound structures fabricated in multiple pulses using a
DMD are also shown.

Adaptive mask techniques are introduced in Chapter 6, which allow the usually binary-
value projected intensity patterns from a DMD mask to reach greyscale values, and
correct for positional errors introduced by translation stages. A method of automating
optical proximity corrections is presented, and theoretical work is introduced for the
production of binary holograms, which could greatly enhance the potential of DMDs as
an optical elements.

Finally, results will be summarised in Chapter 7. Appendices containing work published
in the course of this PhD, as well as code used to model LIBT dynamics and extended
discussions on the theoretical work in Chapter 6 will follow.



Chapter 2

Experimental equipment and setup

2.1 Introduction

In this chapter the working principle of the DMD is explained, as well as a brief summary
of ultrashort laser pulse generation by mode-locking. The advantages and mechanisms
of ultrashort pulse ablation are given, as well as the optical behaviour of a DMD under
femtosecond illumination. The chapter then details the specifics of the experimental
setups used in this thesis, including a description on the software automation control
and limitations encountered.

2.2 Femtosecond laser pulses

The formation of ultrashort laser pulses can be understood from the Fourier transforms
between a function of time f(t) and frequency F(w), given in equations 2.1 and 2.2.

f(w):/f(t)exp(—iwt)dt (2.1)

(1) = % / F(w) explicot)dw (2.2)

The orthonormal basis of plane wave solutions to Maxwell’s equations which govern the
time-dependent behaviour of electronmagnetism can then be combined analogously to
Fourier synthesis in order to construct any wave-form of light. The necessary control
of relative amplitudes and phases of monochromatic plane waves is described in this
section, with particular detail given on the method used in the ultrafast laser system
used throughout experiments in this thesis.



2.2.1 Mode-locking

A laser cavity of length L and refractive index n with the speed of light in vacuum being
¢, can support multiple modes of frequencies vy, where the separation between adjacent
frequencies is given by equation 2.3, given enough gain at each frequency. Using a
broadband laser source (for example our 12nm bandwidth 150fs Ti:sapphire amplifier),

one can support, in principle, many (10°) modes.

c
Vg4l — Vg = Il (2.3)

It is possible to couple these modes together such that they are in phase, so that the
electric (and magnetic) fields sum to a high value for a short period of time and are

near zero elsewhere, as illustrated in Figure 2.1.

(a) Three modes output from a resonator of (b) Three modes combined with random rela-
length 1 of equally spaced wavenumbers k tive phases
(¢) Three modes combined in phase (d) Thirty modes combined in phase

Figure 2.1: A demonstration of the short pulse generation possible by summing separate

laser modes in phase. (a) shows three distinct modes with equally spaced wavenumbers.

(b) shows the summation of these three modes with random relative phases, (¢) shows

the summation of the three modes when in phase, while (d) shows the high peak field
possible with an example of 30 modes oscillating in phase.



There are various methods to ensure that the modes oscillate in phase [5, pp. 257—
273] which are beyond the scope of this thesis; briefly however, they rely on “survival
of the fittest” mechanisms, wherein a short, intense pulse is more likely to propagate,
experiencing higher gain and/or lower loss, in the laser cavity than many modes out of
phase. The Ti:sapphire (Ti:Al303) source stage of the laser system used here relies on
Kerr lens mode-locking [6]; the non-linear refractive index n as a function of intensity
I with constants ng and ng is given in equation 2.4.

n =ng + nal (2.4)

The beam mode used here was TEMqg, a Gaussian spatial intensity distribution trans-
verse to the beam path, and thus experienced a greater refractive index at the centre
of the beam than at the ‘wings’. This led to a focusing of the beam, the basis of Kerr
lens mode-locking. A small aperture is placed in the beam path at the focus within
the optical cavity such that an intense pulse will self-focus to the aperture size and
pass through almost unattenuated, while many modes out of phase would not focus
strongly enough to survive round-trips inside the cavity. This stage of the laser, a 1.0W
Coherent Mira 900, was pumped using a Verdi 10 532nm, 10W semiconductor diode
pumped laser to provide 150fs pulses at a repetition rate of 76MHz [7|, but required a
second stage of amplification to reach the ~ 2mJ, 1kHz repetition rate before being fed
to later points in the experimental setup [8].

In order to amplify femtosecond pulses to the millijoule per pulse range, Chirped Pulse
Amplification (CPA) is used here [5, pp. 277-281]. The high peak powers of ~50GW
of a 150fs 2mJ pulse may cause damage to the Ti:sapphire gain medium, and hence the
pulses are stretched in time before entering an Fvolution 527nm pumped Ti:sapphire
crystal. In the system used here, a grating pair is used to introduce the dispersion
necessary to stretch the pulse, before a Pockels cell allows one pulse per millisecond
into the CPA cavity. The stretched pulse typically made 20 passes through the gain
medium before being switched out of the cavity by a second Pockels cell — a value where
saturation of the gain medium was reached. After exiting the CPA cavity, a grating pair
is used to recompress the pulse, achieving the final output of 150fs pulses with ~2mJ
energy, which would be fed to experiments.

2.2.2 Femtosecond laser-material interactions

The time-scale and intensity of a laser pulse lead to different possible absorption mecha-
nisms in a target sample. The first reported implementation of ‘ablative photodecompo-
sition’, wherein a nanosecond UV excimer source was used to break interatomic bonds
reported absorption depths following Beer’s law [9], where absorption cross-section is a
material constant at a particular wavelength. In this case the removal of material may
occur either through a photochemical reaction, where molecular species are converted
through the breaking of bonds into species which would naturally dissipate (gaseous
molecules, for example), or through thermal decomposition — UV photons are absorbed
and coverted to heat, and chemical decomposition or vaporisation occurs as in thermal



processes.

The time period over which ionised electrons reach thermal equilibrium with the mate-
rial lattice is on the scale of picoseconds [10], and is thus short compared to nanosecond
pulses. For sub-picosecond pulses, the interaction of free electrons generated by the
leading edge of a pulse with the remaining pulse must be considered. As charged par-
ticles in an electric field, the free electrons are accelerated and may collide with ions
or atoms via the inverse Bremsstrahlung effect [11] — in a strong electric field, this
collision may provide enough kinetic energy to liberate another electron, and lead to
‘avalanche ionisation’ [12]. The efficiency of ionisation decreases with increased loss of
energy through electron-phonon coupling, and can be approximately considered linear
with laser intensity [13]. At a critical density of free electrons of ~10?m ™3, the electrons
act as a plasma which is naturally resonant to the laser frequency, greatly increasing
absorption [14]. This phenomenon is known as optical breakdown. The electron plasma
created during the process may then leave a charged layer of material in dielectrics with
low charge carrier mobility, which leads to material removal via ‘Coulomb explosion’
[15]. In materials with faster charge carrier mobility, electron-phonon collisions heat
the lattice and lead to thermal vaporisation [16]. Avalanche ionisation is the dominant
ionisation mechanism when using ultrashort pulses of intensities below 1012W/ cm?.

With the intensities afforded by ultrashort pulses (= 10'*W /cm? [4]), multiphoton ef-
fects become practicable — energy levels being excited by the absorption of two or more
quanta of light equalling the separation between energy levels, rather than a single
photon [17]. This multiphoton excitation can liberate an initial ‘seed’ of free electrons
to initiate avalanche ionisation, however multiphoton ionisation alone is the dominant

ionisation mechanism between 10'2 — 1014W/ cm?.

Effectively, this means there is a
threshold intensity at which excitation begins if the material is transparent at the cen-
tral wavelength of the pulse. As two photon absorption is proportional to the square
of intensity (and n-photon absorption proportional to the nth power of intensity), finer
features can be written than with single photon effects [18]. Considering a focused
beam, this means that excitation can begin deep within a transparent material, where
the focused spot is at its most intense, rather than throughout the path of the beam;
or, for example with a Gaussian beam, excitation could be thresholded only to occur
within a region of width well below the full-width half-maximum (FWHM) - 20nm fea-
tures using a 527nm wavelength source in Corning 0211 glass, for instance [19]. This is
discussed further in Chapter 5.

A further possible ionisation mechanism occurs when the electric field of the pulse is
comparable to that between electron and nucleus — above ~1014W/ cm? tunnelling ion-
isation may occur [16]. The incident laser field effectively lowers the energy barrier of
a nucleus’ potential well, such that the probability of an electron escaping and hence
ionising via quantum tunnelling becomes non-negligible.



While a range of possible excitation mechanisms exist, energy from femtosecond pulses
is transferred to electrons on a timescale short compared to the thermal relaxation time
of the electrons within the lattice. If material removal occurs, this then means that
minimal heat transfer can occur between ablated material and surrounding regions when
compared with ablation via longer pulses. The ablation threshold will vary depending
upon the target material, however typical values observed in this work were tens of
m.J/cm? for opaque materials, and between 1-12J/cm? for transparent materials. The
idealised differences in damage between femtosecond and longer pulses are shown in
Figure 2.2, where in the figure zero transfer of heat or pressure occurs between the

intended material removal region and surrounding material.

(a) A long pulse results in heat transfer to (b) A femtosecond pulse occurs on a shorter
surrounding material, damaging the substrate timescale than the picoseconds typical of
and deposited features Coulomb collisions [4], meaning that heat

transfer is limited and hence there is less dam-
age to the surrounding substrate

Figure 2.2: Idealised effects present in long (nano/picosecond) vs. short (femtosecond)
laser ablation (after [20]).

2.3 Digital micromirror devices

The work in this thesis will focus on the use of a digital micromirror device (DMD),
a type of spatial light modulator (SLM), as a variable illumination mask. This sec-
tion will describe the mechanical and operational specifications of DMDs and micro-
electromechanical systems (MEMS), before discussing their optical behaviour under

continuous wave (cw) and femtosecond illumination.

2.3.1 Mechanical description

A DMD has on its surface an array of square mirrors, often on the order of 1000 x 1000,
each of which is ~10um on a side with similar centre-to-centre separations (depending
on make/model and accounting for a small gap between adjacent mirrors). Figure 2.3
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Figure 2.3: A diagram of two pixels in a DMD J[after [22]]. The tilt angles in this case
are +10°, but DMDs with mirror tilts of £12° were used for the work in this thesis.

describes the MEMS employed in each DMD pixel, which usually have switching speeds
of ~1kHz, with >30kHz possible in some models [21]. DMDs can be used commercially
to reproduce RGB colour levels in projectors, and so are a cheap, mature technology
(around £200 for 1kHz models). Owing to their low price and rapid switching speeds,
DMDs are attractive as dynamic intensity masks.

Each pixel is a microelectromechanical system (MEMS) capable of tilting a mirror on
a diagonal axis either at some negative angle relative to the normal to the plane of the
DMD chip, which directs light into an internal beam dump and will be referred to as
“off”, or a positive angle which directs an incident beam outwards and will be referred
to as “on”. The time taken for a mirror to reposition between ‘off’ and ‘on’ positions is
referred to as ‘crossover time’, and is on the order of a few microseconds typically.

The TexasInstruments DMDs used in this work were either the DLP3000 [23] or the
DLP7000 [24]. Both used aluminium mirrors protected by an anti-reflection coated
window [25], however the DLP3000 mirrors were arranged in a diamond lattice as in
Figure 2.4(a) with 684 zig-zagging columns by 608 rows for a final aspect ratio of 854:480
[23], while the DLP7000 mirrors were arranged in a square lattice as in Figure 2.4(b)
with 1024 columns by 768 rows.



(a) The MEMS mirrors of the DLP3000 DMD arranged in a diamond lattice

(b) The MEMS mirrors of the DLP7000 DMD arranged in a square lattice

Figure 2.4: The relative arrangements of MEMS mirrors for the two DMD chips.

In both cases, the square mirrors tilt along their diagonals at +£12°. The side length
of each mirror in the DLP3000 was 7.64um [23] including a small gap between mirrors,
for a pitch along the axis orthogonal to the tilt axis of 10.8um. The crossover time was
~bus, though there would be some delay between the end of a single mirror crossing
over and being ready for a second crossover, such that the maximum refresh frequency
of 4kHz. The DLP7000 mirrors had a side length of 13.68um [24], for a pitch orthogonal
to the tilt axis of 19.35um. The crossover time was 16us, with a maximum possible
refresh frequency of 32kHz.

2.3.2 Optical description

The MEMS mirrors of the DMD were aluminium-coated silicon, with a reflectance at
800nm of ~87% [26], while a protective window placed in front of the MEMS mirror

10



Figure 2.5: The angular shift of a single-mirror diffraction pattern at a blaze angle 0p
and AOI 0.

surface has a transmission of ~88% at an angle of incidence (AOI) of 30° and ~90%
at an AOI of 0° [25]. The group has been implementing DMDs as intensity spatial
light modulators (SLMs) [27], as well as other researchers [28-30]. In order to properly
design a beam-line to make use of a DMD, its diffractive properties must be considered.

An important consequence of the periodicity of the DMD mirrors is that, when using a
spatially coherent incident beam, the DMDs behave as 2D gratings and hence produced
a 2D array of diffraction peaks. In order to image the surface of the DMD on the
sample, which was perpendicular to the path of the pulse, the output direction of the
pulse from the DMD is required to be normal to the DMD surface. The DMD mirror
tilt of £12° enabled its operation as a blazed grating, and a geometry enhancing the
diffraction efficiency into a single peak (known as blazing), in this case near-normal to
the DMD surface, can be calculated by modelling the 1D case. A single mirror with
incident illumination at an AOI of 6;, output angle of 6,., mirror tilt (or blaze angle)
of 05, with width at 0° tilt of d, will have a far-field behaviour according to single-slit
diffraction as in Equation 2.5.

16,) = I sian(d; cos(205 — ;) sin(6, + 205 — 0:)) (2.5)

1(0,) is the intensity at the output angle, while Iy is the peak output intensity. All
angles are taken to be positive in the clockwise direction. The factors of cos(20p — 6;)
and 20 —0; are the only differences to the standard single-slit far-field diffraction result
known from standard optics theory. These factors reflect the effective mirror width at
a tilt under non-normal illumination — the single-slit pattern is angled and spread /nar-
rowed according to the relative angles, with the change in direction given in Figure 2.5.
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Figure 2.6: The relative intensities of diffraction orders in a 1D approximation to the
DMD surface for the DLP3000 with 6, = —23°.

The DMD surface can then be considered as a convolution of a single mirror profile
with a periodic array of dirac delta functions (or Dirac comb). The angular positions
of diffraction maxima from a Dirac comb at non-normal incidence follow the Bragg
Equation 2.6, with 6,, being the angular position of diffraction order m, ; the angle of
incidence, A\ the wavelength and d the array period.

sin(6;) + sin(6,,) = — (2.6)

By the convolution theorem, given in Equation 2.7 (convolution denoted by x), the
relative intensities of these diffraction orders can be calculated by the relative intensities
of the single-mirror pattern at positions 6,,.

F(f*g)=F(f)x F(g) (2.7)

Figure 2.6 shows a semi-logarithmic plot of the intensities at diffraction orders between
m = —8 to m = +18 with variables chosen to reflect the DLP3000.

Recalling that a near-normal output direction to the DMD surface was required for
imaging, and that the single-mirror angular output with a fixed 5 = —12° would only
be centred on 0° when 8; = —24°, only input angles close to this value were searched.
Figure 2.6 shows blazing for the m = 45 order with an input angle of —23°. The same
method when using the tilt-orthogonal pitch of 19.68um for the DLP7000 found that
blazing into the m = +1 order at a near-normal output was achieved with an input
angle of —23°. Note that for a full prediction of relative intensities for diffraction orders
from a 2D grating, the model would require extension; this simplified version serves
as a rapid approximation to aid experimental setup design. In practice, both DMDs
achieved an efficiency of ~ 30% into single orders, as measured by a photodiode.

12



Figure 2.7: Pictorial form of the terms in Equation 2.8 showing the mathematical

components considered when forming a ‘cross’ of ‘on’ mirrors on a DMD. A blue-red

gradient highlights different phase behaviours, M,, and M,ss, across on/off mirrors,

while a larger-scale phase dependence due to non-normal incidence is not shown in the

Dirac combs Cy. The I, /.y profiles are binary functions, white when equal to 1, black
when equal to 0.

Thus far, the DMD surface has been modelled as an infinite array with all mirrors in
the on position, however for the purposes of beam-shaping via the DMD as a dynamic
intensity mask, the far-field diffraction effects must be considered for a finite DMD
where some arrangement of mirrors may be off. Let Cy(z,y) denote the Dirac comb of
period d over spatial coordinates parallel to the DMD surface « and y with appropriate
phase dependence to account for non-normal incidence be denoted, and the profile of a
single ‘on’ or ‘off” mirror be Mo, (x,y) or Myss(x,y) respectively. A final pair of ‘mask’
functions, Io,(z,y), Iofs(x,y) will then define where mirrors are on or off in the final
mask, with I,, equalling 1 in regions intended in a given intensity mask and 0 elsewhere,
and I,¢r = (1 — I,,) within the borders of the DMD surface, and I,r¢ = 0 elsewhere.
The full description of a DMD surface illuminated at non-normal incidence can then
be given by DMDyy,,f(x,y) in Equation 2.8, where dependence on x and y has been
dropped for brevity, with a pictographic form given in Figure 2.7.

DMDsqu = (Cd * Mon) X Ion + (Cd * Moff) X Ioff (2.8)

In order to obtain the far-field diffraction pattern from an arbitrary image displayed
on a DMD then, we once more take the Fourier transform. As the transform is dis-
tributive, contributions from ‘on’ and ‘off” mirrors can be considered separately to start
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with. By the convolution theorem in equation 2.7, and the fact that the transform of
a Dirac comb is a Dirac comb (analagously to the diffraction order positions given by
equation 2.6), we find that the transform of ‘on’ mirrors is the convolution of the mask
function I,, with a Dirac comb which has been weighted by a sinc profile. This is a
highly important result for the purposes of beam shaping — in the far-field diffraction
pattern, each diffraction order associated with mirrors in the ‘on’ position will contain
all information necessary to image I,,; a single order can then be considered ‘the beam
line’ at later points in the imaging setup, and is easily focussed/redirected. The only
remaining concern is interference from orders associated with ‘off” mirrors, however it
is quickly seen that there will be negligible interference between the two sets of orders.
Note that there is a 24° difference in blaze angle between ‘on’ and ‘off’ mirrors, and
hence a 48° shift in single-mirror diffraction pattern peak intensities. At this separation
in Figure 2.6, there is a factor of ~1000 reduction in intensity compared to the peak;
any diffraction orders associated with ‘off” mirrors coinciding with the angular direction
of the blazed order from ‘on’ mirrors will then have little effect. As discussed in Chapter
6, the spectral dispersion across the bandwidth of frequencies in ultrashort pulses was
not observed to have a significant effect when imaging the DMD surface, though it did
impact the viability of ’binary holograms’.

The above theoretical considerations have worked with 800nm illumination, which of
course is a simplification for femtosecond pulsed sources. An angular shift of approx-
imately £0.16° is seen for a £6nm wavelength for the blazed order for the DLP3000,
with around 1% difference in efficiency of blazing (though of course this value is based
on the 1D model and is only meant for demonstrative purposes). While these disparities
over the bandwidth of the Ti:sapphire source did not lead to significant difficulties when
the DMD surface was imaged at the sample, they are of greater concern when highly
complex patterns are to be displayed as intensity masks, as in digital holography. The
phenomenon has been dealt with by others by using gratings prior to the DMD to apply
an appropriate dispersion of opposite sign [31], but has not been addressed further in
this thesis.

2.4 Experimental Setup

This section will describe the experimental setups used throughout this the work in this
thesis. Two beam lines have been employed, both using the 150fs pulse duration, 1kHz
repetition rate, 800nm wavelength, Ti:sapphire amplifier described in section 2.2.1, with
pulses energies deliberately attenuated to ~1mJ to avoid damage to the DMD chips.
The major difference between the two lines was the DMD used in each and the spatial
intensity homogenisation — a Texas Instruments DLP3000 [21] was used in the major-
ity of work, while work which required single-pixel control was carried out on a Texas
Instruments DLP7000 in Chapter 5. The two lines shall be referred to as the ‘DLP3000
line’ and ‘DLP7000’ line respectively.
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2.4.1 Beam lines

The two beam lines were maintained in parallel, with the DLP7000 line constructed
during the course of the PhD and the DLP3000 present at its commencement, with a
few modifications made. An approximately spatially Gaussian intensity 150fs 800nm
pulse is incident on a continuous-gradient variable neutral density (ND) filter before
being directed via flip mirror (FM) to either beam line. The variable ND was mounted
on a H50mm total travel distance, ~1lum positional accuracy translation stage so that
pulse energy could be computer-controlled. The variable ND was a metallic reflective
continuous gradient between 0.04-4.0 optical densities, of length 100mm. The filter was
positioned such that the regions of optical density between 0.04 and 2.0 were able to be
positioned in the beam path via the 50mm translation stage. A second, static identical
filter was sometimes placed immediately after the first, with the direction of increasing
gradient reversed, to correct for the necessarily different attenuations applied across
a beam spot of finite width, however little improvement was observed over the beam
homogeneity achieved after the homogenisers in each setup when using a single filter.
In practice, the gradient in intensity on the input Gaussian distribution introduced by
a single variable ND filter was corrected for via realignment at the entrance to the ho-
mogenisers.

Figure 2.8: The DLP3000 line. Focal lengths and diameters of lenses used are detailed
in Table 2.1.

Figure 2.8 shows the DLP3000 line. The pulse was directed through a lens pair which
acted as both telescope and collimator, to reach the required 6mm diameter collimated
profile required for the input to an AdlOptica 6 6 pi-shaper, a refractive beam shaper
which redistributes the transverse intensity distribution across the beam to form a
circular top-hat function. Issues concerning the use of this beam shaping element are
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addressed after the description of the second experimental setup. The spatial homogeni-
sation was necessary to ensure that all mirrors to be exposed in a DMD mask were
illuminated with approximately equal intensity.The pulse is then incident on the DMD
at 23° and reflected from two metallic mirrors (M) through a collimating lens (L), onto
a dichroic mirror (D) and through a 100x/50x/20x microscope objective onto the sam-
ple. The sample is illuminated by a white light (WL) source, which is observed by a
CMOS camera through the dichroic mirror. An optional flip mirror (FM) can be raised
in order to test beam quality and alignment on a second CMOS camera.

A difficulty with loading images onto the DLP3000 prevented the use of binary images
with features below a few DMD pixels wide. The images were uploaded to the DLP3000
via an HDMI cable, enabling the DMD as a ‘second screen’ on a personal computer.
The binary images sent to this second screen were intended for a square grid of pixels,
however the DLP3000’s pixels are in fact laid out in a diagonal pattern. This presents
a problem in displaying fine features, as shown in Figure 2.9.

Figure 2.9: Problem displaying features on the DLP3000, translating from a square to
a diamond grid. White pixels are off, black are on, and gray are dithering between on
and off to recreate the intended line pattern on a diagonal grid.

Rather than map each pixel in the intended square grid to a corresponding pixel in the
diamond grid, which would mean the image was displayed at 45° for a straight vertical
line, the DLP3000 attempts to preserve the orientation of the feature (straight vertical
line of black pixels in the Figure), while ‘dithering’ some pixels on and off (shown in gray)
to maintain an average output intensity that well-approximates the intended pattern.
This dithering is fast enough for the intended projector display usage of commercial
DMDs, but slow compared to an ultrafast laser pulse — this means that different pulses
arriving at the DLP3000 while some pixels are dithering will likely have different spatial
intensity profiles (some pixels may be on where they were off during the previous pulse
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arrival, and vice versa). For large displayed images, with only some dithering at borders,
this is not a concern. For fine features, of only a few pixels, it is a limit of the setup,
and so the Discovery 4100 Development Kit with VIALUX ALP-4 Controller Suite was
purchased from Texas instruments; a controller capable of addressing individual pixels,
and a DLP7000 DMD chip. The DLP7000 setup is shown in Figure 2.10, and has a few
key differences to the DLP3000 line.

Figure 2.10: The DLP7000 line. Focal lengths and diameters of lenses used are detailed
in Table 2.1.

All mirrors used in the DLP7000 line were dielectric, rather than metallic as in the
DLP3000 line, with peak efficiency at 45° AOI, requiring a different geometry. The
two lenses prior to the DLP7000 chip, and the one immediately after it were of 2 inch
diameter, in order to minimise spherical aberrations inherent to 1 inch lenses when
working with a DMD surface of greater dimensions (14 x 10.5mm for the DLP7000 vs
6.6 x 3.7mm for the DLP3000). Details of lenses for both experimental setups are given
in Table 2.1.

Currently, the collimating 1 inch diameter lens pair immediately before the dichroic
mirror are positioned to achieve a spot size of appropriate diameter for entrance into the
aperture at the entrance of the 20x microscope objective; the 50x and 100x objectives’
smaller apertures would require minor reconfiguration for use. The refractive beam-
shaper used to homogenise the pulses for the DLP7000 line was a TOPAG GTH-5-250/4
lens [32]. While the pi-shaper used on the DLP3000 line redistributed Gaussian input
pulses to circular top-hat output pulses, the TOPAG beam shaper gave an output of
square top-hat pulses. A circular input to the DLP3000 DMD surface meant that in
order to expose all mirrors, some portion of energy would be wasted in order to cover
all points of the square DMD surface. In practice, a central region of the DLP3000 was
usually exposed, as seen in the CMOS camera image in Figure 2.11.
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Table 2.1: Focal lengths and diameters of lenses used in experimental setups shown in
Figures 2.8 and 2.10.

Lens | Focal length (mm) | Diameter (mm)
Ly -100 254
Lo 150 254
Ls 100 25.4
Ly 100 254
Ls 1000 50.8
Lg -150 50.8
L7 250 50.8
Lg 500 50.8
Lg -200 254
L;0 150 254

Figure 2.11: CMOS camera image of the intensity distribution on the DLP3000 DMD

surface, underfilled by the circular top-hat output of a pi-shaper. The red dotted outline

shows the relative position of the DMD chip surface. A high-intensity ring was present
around an otherwise near-homogenised intensity distribution.

A high-intensity ring was present around the circular top-hat output of the pi-shaper,
and was seen whenever the DLP3000 surface was deliberately underfilled by reducing
the input spot size to the pi-shaper. Even when repositioned to minimise the strength of
this high-intensity ring however, an ideal flat-top was not achieved — this may have been
due to non-Gaussian input. While the output of the Ti:sapphire was close to TEMgg,
unavoidable clipping occurred as a result of the beam containment system around the
grating compressor stage; in addition to other imperfections of the optics used later in
the beam line, this led to only near-Gaussian input to beam shapers in both lines. By
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using a square top-hat output beam shaper, the entire DMD surface could be illuminated
with less overlap, and hence wasted energy. During design of the DLP7000 line, it was
expected that a deliberate overlapping of the DMD surface would avoid damage from
any high intensity perimeter square analogue to the ring seen in Figure 2.11, however
in practice no high intensity edges were observed from the TOPAG beam shaper.

Samples were typically mounted on a Thorlabs TravelMaz 3 axis stage, individual stage
model numbers LNR50P1, P2 and P3, stacked for 3-axis movement. The stages had
a minimum ~lpum incremental movement, and 50mm total travel distance in each di-
rection. The stages were motorized-screw-driven, with a backlash of ~6um and a re-
peatability of ~10um. Samples were either fixed in place with screws, putty or tape,
or expected to remain immobile with respect to the stage surface due to friction. Stage
position, velocity and acceleration, as well as displayed DMD mask and variable ND
position, were controlled digitally, with some details given in the next section.

2.4.2 Software

Over the course of the PhD, several elements of the experimental setups were altered for
improved computer control. These included the triggering and mode (single pulse vs
continuous train of pulses) of the laser, pulse energy attenuation, DMD image load-
ing and sample stage repositioning. Initially, a LabVIEW™ interface allowed for
repositioning of the sample, while triggering of the laser, as well as mode switching,
required manual control on separate hardware. DMD images were loaded via USB
on a standalone device (a Texas Instruments DLP LightCrafter Display 2010 EVM)
connected to the DLP3000 chip and pulse energy was attenuated manually with a con-
tinuous reflection ND filter ( Thorlabs part number NDL-10C-2). The camera ( Thorlabs
DCC1645C CMOS) used for live viewing of the sample during machining was connected
to a separate computer than that which ran the LabVIEW interface, and hence no image
recognition-based logic was possible. Each repositioning and triggering command was
entered at the time of execution and required user input on several pieces of separate
hardware, requiring many seconds even for a simple command such as ‘fire additional
pulse at this location’.

Control of each component was centralised to a single computer ( Windows 7, 64-bit, In-
tel Core i5 processor, 12GB RAM). The LabVIEW interface was expanded and linked
to a MATLAB™ kernel, so that a series of commands incorporating adaptive logic
would control the setup continuously for several hours with little oversight, including
the triggering of laser pulses and switching laser modes. While an exhaustive list of
utilised functions is impractical, a description of the most commonly used automation
is given here.

A typical experiment would require between tens and tens of thousands of exposures of
different DMD masks at different positions on a sample, with different pulse energies
and repetitions of exposures at single points. The sample would be translated in the x-
and y-directions (perpendicular to the beam line) over several mm, and the z-direction
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(parallel to the beam line) only to maintain image position at the sample, typically not
more than 100um. A sample map detailing relative positions in x and y of exposure
points, DMD masks to be displayed at each position, pulse energy, number of pulses at
each position, and points at which to switch laser mode (between a continuous train
of pulses at integer repetition rates between 1 and 1000Hz, and individually triggered
pulses) would be generated in preparation of an experiment. Points at which to perform
additional logic, such as refocusing, would also be set. The sample map was converted
to sequential instructions readable by LabVIEW, with steps involving complex opera-
tions (for instance image recognition) being parsed by the MATLAB kernel.

Power calibration of the beam was performed with a thermal power meter (Coherent,
FieldMazx power meter and EnergyMax sensor) placed immediately after the variable
ND filter, with the amplifier set to 1kHz mode and the beam spot size of ~4mm diam-
eter at the 10mm diameter sensor active area. The ND filter was repositioned typically
~30 times, evenly spaced over a range input by the user, with power readings input by
the user at each position. Though the filter would produce approximately logarithmic
attenuation along its length, with 30 readings a linear fit between known data points
was found to be +1% accurate to thermal power readings. These calibration values
would be saved, and only the minimum and maximum values regularly required cali-
bration to provide an offset for the overall curve. Any desired power values dictated by
the sample map outside the available range would be set to the nearest possible value
and return an error.

While a z-repositioning was possible via the initial sample map instructions, all results
shown in this thesis were produced on planar samples. Ideally, any sample would lie in
a plane orthogonal to the beam path, such that z-repositioning after x or y translation
was not necessary, however it was not possible to ensure that the surface of the transla-
tion stages were perfectly ‘flat’, or that there was zero debris between the stage surface
and the sample which would introduce a small tilt. A priori knowledge of the tilt of the
sample when generating the sample map was not possible, and so a plane of points ‘in
focus’ was defined by moving to three positions which would define three of four corners
of a square large enough to encompass the machining region for the experiment. The
z-positions of these points were rarely separated by more than 100pm, and typically
took a few minutes to determine. A 2D linear interpolation at each x- and y-position in
the sample map then determined the required z-offset in order to maintain the correct
imaging position at the sample.

Over the course of many bidirectional z-repositioning steps, the finite repeatability of
the stages meant that a gradual drift from the true imaging plane would occur. The
direction and magnitude of this drift could not be predicted in the sample map, and so
additional instructions at predefined points during machining were added where either a
manual refocusing or an autofocus step would occur. A global offset to expected image
z-positions would then be added based on the difference between predicted and actual
imaging positions. The autofocus algorithm began by positioning the stages below the
expected z-position, and making small steps over a defined range until the stages were
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an equal distance above the expected z-position. All results which relied on the aut-
ofocus function in this thesis used 11 steps of 2um in the z-direction, meaning that
the image plane was maintained to 2um accuracy during machining. When in focus, a
‘sharp’ image contains a higher proportion of high spatial frequencies — an image was
recorded in RAM at each step and the absolute sum of spatial frequencies above a user-
defined value was recorded, to be compared to the sum of spatial frequencies at other
z-positions. In fact, a user-defined number of sub-regions of each image were taken,
and the median absolute sum of high spatial frequencies recorded, to avoid the possible
impact of large (greater than ~5um tall) debris on a sample skewing the imaging posi-
tion. The stages then return to the z-position maximising high spatial frequencies, and
apply an appropriate offset to future z-positions. The range over which the autofocus
tests is set to a large value compared to expected drift between autofocus steps, such
that it is unlikely the stages can drift to a value outside of this range. If the autofocus
determines the imaging to be optimal at either extreme of positions tested, an error is
given and the central z-position is used, to avoid runaway repositioning. In practice,
such runaway repositioning was not observed after the subset of images and median
sum method were applied.

2.4.3 Limitations and future upgrades

The experimental setup has been automated to a degree which has greatly enhanced
the scale, speed and accuracy of DMD-enabled femtosecond laser machining. However,
several known issues remain to be solved, which shall be addressed in this section.

Four major problems have arisen from the expansion in scale of machined structures
during a single experiment. These are power stability over a several-hour interval, build
up of redeposited material ejected from kerf, adjusting for stage drift, and quality con-
trol for failed pulses.

The power variation for the Mira Kerr lens mode-locked source was < 3% after warm-up
over a 2 hour period [7], while the Legend CPA stage had a root-mean-squared pulse
energy variation of < 0.75% over 8 hours [8], both at stable environmental conditions,
these variations were consistent with observed variations in this work between the be-
ginning and end of experiments; fluences and intensities used are stated as measured
immediately prior to the beginning of experiments. The longest experiments carried out
during this PhD from a single sample map were on the order of ~6 hours, and hence
power stability, particularly for multi-photon effects, became a concern. Though it did
not lead to the failure of any particular experiment, control of pulse energies is criti-
cal for the control of laser-matter interactions, and hence machining quality. A trivial
solution would be to add a permanent high-ratio beamsplitter or computer-controlled
flip-mirror in the beam path, to produce a secondary diagnostic line focused at a power
meter, for regular power monitoring and adjustment throughout any experiment lasting
on the order of 2 hours or greater. While most commercial power meters would not
be capable of measuring individual pulse energies, additional breaks in code generated
from the sample map could be added to periodically switch the laser mode to 1kHz and

21



record an average power (as was usually done before starting experiments), and adjust
the variable ND filter accordingly. Though the per-pulse energy is expected to remain
constant regardless of the repetition rate of the laser (which could be set at any integer
repetition rate between 1-1000), it is possible that measuring the power at 1kHz and
dividing by 1000 is not an exact solution for calculating the power when single pulses
are triggered. With the addition of automated power monitoring, an initial calibration
step before each experiment would be to measure the power at many repetition rates,
provided the measured power were high compared to background, and extrapolate down
to 1Hz; a closer approximation to individually triggered pulses, which may have several-
second periods between triggerings.

The build up of redeposited material during some experiments (typically from abla-
tion), would be solved by the addition of a nitrogen assist, or vacuum pump near the
point of machining. While the involved air currents could potentially reduce imaging
fidelity, no observable loss of quality has been observed when using the current solution
of a semi-regular (every ~30 minutes) air hand-pump gas assist. If the air currents
were found to be negatively affecting any experiment, the gas assist could be activated
only during known periods when no machining is taking place (while repositioning the
sample between pulses, for instance).

Stage drift in the z direction has already been corrected for (as with the autofocus
algorithm in the previous section). A suite of image-recognition algorithms under de-
velopment will also address drift in x and y. While these algorithms may correct the
problem, stages which interferometrically track their positions to 0.1pym with 3um full
travel and return accuracy have been purchased in order to reduce the frequency of
algorithmic corrections [33] (Thorlabs 50mm TravelMax Translation Stage with Optical
Encoder), however an apparent fault/reverse-compatibility issue has limited their inte-
gration into the setup.

A failure to receive a pulse from the CPA stage has been observed, though the rate of
failure has not been measured accurately — an estimated 1/100—1/1000 triggered pulses
fail, both when pulses are requested individually or during a train of regular pulses while
the CPA system is set to ‘continuous’ mode. Some failure rate may be inherent to the
Synchronization and Delay Generator (Coherent SDG) [34] for the Pockels cells, where
the control voltage rise time of < 2ns and < 250ps timing jitter may fail to allow en-
try /exit of pulses to/from the CPA cavity of length ~60cm [8] and hence round-trip
time of ~4ns. Random fluctuations in the Kerr lens mode-locking system may cause
momentary loss of bandwidth, which in turn would disallow pulses from entering the
CPA system (a permanent grating/photodetector-pair electronically shutters the system
when appropriate bandwidth for ultrashort pulses is lost). In the case of single pulse
triggering failures, the USB-RS-232 converter used to comminucate between computer
and SDG may contribute; USB signals require conversion by the CPU, and are given
some priority in a queue of operations rather than being transmitted immediately upon
request. Internal electronics of the converter are unknown, and may also suffer from
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some failure rate.

While suspected sources of this fault require testing, image recognition algorithms under
development may ameliorate the problem. Detection of a bright flash, or change to the
surface structure in the expected location viewed in real-time via CMOS camera, will
mark the arrival of an expected pulse. Failure to detect such an event could be used to
immediately request additional pulses, or mark the location for later inspection.

The current data communication methods introduce additional concerns for the setup.
The computer operating system’s internal prioritisation of USB-signalling as mentioned
above introduces unknown time lags between each sent command. The delay is on
the order of milliseconds, and causes little concern when a sample is stationary dur-
ing exposures. For the machining of large areas, however, the sample is often kept in
constant motion during the arrival of a train of pulses, and hence the exact positioning
of machined points, and the upload times of new DMD masks to the DLP7000 are
uncertain. The DMD mask upload method is a particular problem. The DLP3000 is
enabled via HMDI cable as a second screen on the PC used for all controls, and is hence
limited to ~60 frames per second — i.e. a maximum of 60 unique masks per second, as
opposed to the design maximum of 4kHz. Alternatively, loading each image via USB
to the DLP7000 is limited via data-rate, in addition to USB-prioritisation; at ~100kB
per monochrome bitmap file readable by the Discovery 4100 Development Kit, it would
not be possible to upload unique images at the maximum design refresh rate of 32kHz.
In both cases, to achieve unique images at the maximum possible rate, it is necessary
to upload all desired images, display sequence and switching times ahead of other ex-
perimental procedures. A trigger signal can then be sent to begin the display sequence
— the exact timings to display each image would be impossible to know a priori to any
acceptable degree of accuracy with the current translation stages, and synchronisation
would be much more difficult with the inclusion of corrective logic, such as the autofocus
algorithm.

Finally, the refresh behaviour of the DMDs can impact the mask displayed at the time
of pulse exposure. Typically, a binary image file will correspond to the charge uploaded
to a CMOS cell beneath each DMD mirror, before a ‘clocking pulse’ triggers the mir-
rors to change position depending on the CMOS cell charge |23, 24|. This triggering
to reset is explicitly performed in controllable blocks of columns sequentially for the
DLP7000 (up to resetting the entire chip in response to a single clocking pulse), while
the DLP3000 should by default update all mirrors at once. It has been observed at a
rate of < 1/1000 exposures when using the DLP3000 line that DMD masks contain a
band of ‘off” mirrors where ‘on’ mirrors are expected. This may be a result of obfuscated
internal electronics updating blocks of columns in the DLP3000 rather than all columns
simultaneously as expected, or an unexpected result of the HDMI connection causing
a band of ‘off’ charges being applied to underlying CMOS cells before a clocking pulse
arrives..
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2.5 Competing beam shaping technologies

The work in this thesis aims to extend the functionality of DMDs in laser machining,
however there are, of course, alternative SLMs available for the purpose of beam shap-
ing. While SLMs such as acoustic optical modulators [35, 36] and liquid crystal spatial
light modulators (LC SLMs) [37] have been used for femtosecond pulse shaping in the
frequency domain, this thesis focuses on the use of beam shaping in the spatial domain,
i.e. using DMDs as dynamic intensity masks. The discussion will thus be limited to
SLM technologies used for beam shaping in this domain.

2.5.1 Liquid crystal SLMs

Perhaps the best known alternative to DMDs within the field of beam-shaping, LC
SLMs cover a wide variety of different implementations [38]. LC SLMs (also referred to
as liquid crystal on silicon, LCOS, when a silicon backing plane is used) can achieve both
amplitude and phase modulation [39], depending on the particular implementation, but
the principle underlying each is similar; the transmission of polarised light through an
LC layer, comprised of molecules in an intermediate state between a liquid and a solid
exhibiting birefringence and self-alignment of orientation. Typically, the LC layer will
be placed between two alignment layers, as in Figure 2.12, and the orientation of the
LC molecules during transmission will have some effect on the polarisation or phase of
the incident light.

(a) A LC cell in the ‘off” state (b) A LC cell in the ‘on’ state

Figure 2.12: An example LC cell in (a) ‘off” state and (b) ‘on’ state. In this case, the
directions of the alignment layers are orthogonal. Additional polarisers and electrode
layers have been omitted.
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In the absence of an external electric field, LC molecules will align with grooves on the
alignment layers, with a gradual mutual rotation between layers of the LC molecules
themselves between the two alignment layers if the alignment directions are not paral-
lel, as in Figure 2.12(a). The birefringence along the different axes of the LC molecules
results in a rotation of the polarisation of incoming light [38]. In the presence of an
electric field, as in Figure 2.12(b), most of the LC molecules align instead with the
field direction, and do not cause a significant change to the direction of polarisation of
light. Polarisation filters can be placed before and after the elements shown in Figure
2.12, and if the filter is orthogonal to the alignment layer at the output position then
this form of LC cell acts as an amplitude modulator. The applied voltage, and hence
polarisation rotation, can be varied continuously, for continuous amplitude modulation.

An alternative, phase-only LC SLM, may take a similar form to that shown in Figure
2.12, but with parallel alignment layers. The applied voltage then purely determines
the phase lag experienced by light transmitting through the LC cell. LC SLMs exist in
both transmissive and reflective implementations, with the latter making the addition
of a reflective coating after one of the two alignment layers. By arranging many of these
LC cells in a 2D array, an SLM with continuous amplitude and phase control is feasible.
As LC SLMs are comprised of regular 2D arrays of these cells, or pixels, intensity is
distributed among various diffraction orders as with DMDs. The diffraction efficiency
into each order is affected by the particular choice of phase pattern across the LC SLM
[40, 41], and the particular application will determine which order, or selection of orders,
is desired for high efficiency. Efficiency into the first order may be as low as 30% if the
phase alternates by 7/2 between each pixel [42], or above 90% when the phase shift
between adjacent pixels is lower, or optimisation algorithms are used to design a phase
distribution [41].

LC SLMs have been used with femtosecond illumination for micro-machining applica-
tions [43|, with illumination fluences similar to those used in this thesis. The overall
size of the active surfaces and the individual cell pitches are also similar to the dimen-
sions available in DMDs, ~1cm and ~10um respectively. The major advantage of DMD
technology over LC SLMs is the refresh rate; a typical LC SLM will refresh at ~100Hz,
with a maximum available in the low kHz range [38]. DMDs, however, boast refresh
rates >1kHz refresh rates commonly, with a maximum available rate of 32kHz [21]. A
second advantage of DMDs is their price; a LC SLM typically will cost >$10,000 [44],
while a DMD chip can cost as little as $100 [23].

Though continuous intensity control would clearly be of benefit for laser micro-machining
applications, it will be shown in Chapter 6 that DMDs can also be used for continuous
intensity control of ultrashort pulse exposure. While the phase control offered by LC
SLMs is of great benefit to wavefront correction and hologram generation, typically the
work undertaken during this PhD relied on image projection-based techniques, and thus
the phase of light was not a concern.
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2.5.2 Other MEMS devices

Several microelectromechanical systems can be used other than DMDs for beam shaping
applications, and to address them all here would be impractical. A review of some such
devices by Liao et al. is available [45]; notable examples include deformable mirrors
[46], an interferometric modulator (IMod) based on a Fabry-Perot etalon [47], and the
Grating Light Valve [48]. Deformable mirrors consist of a reflective layer distorted by
an array of MEMS actuators, and typically only allow phase control. The principle
of operation of an IMod is somewhat similar to a deformable mirror, in that a flexible
surface is displaced continuously over a 2D array of points. While the front layer of a de-
formable mirror is highly reflective, and driven by actuators, the front layer in an IMod
is a partially-reflecting polymer suspended above an air gap, driven by electrostatic
attraction, and then a highly reflective surface. The depth of the air gap is on the order
of the visible wavelengths of light (600nm), and the deformation leads to differing levels
of interference between light reflected from the front and highly reflective surfaces. The
device is intended as ‘electronic paper’ for rewritable colour posters and other displays,
however, and has not been demonstrated within laser machining applications.

The mode of operation of GLV also relies on the electrostatic deformation of material,
though in this case the material is silicon nitride coated in aluminium. A single GLV
pixel is shown in Figure 2.13; typically a GLV pixel will be comprised of six silicon
nitride ribbons, three of which will be stationary, and three of which will deform in
response to a voltage being applied across their surface and the underlying electrode
layer. The displacement of the deformable ribbons towards the electrode layer alters
the efficiency of diffraction into different orders; when no voltage is applied, there will
be high efficiency into the zeroth order, when voltage is applied there will typically be
low efficiency into the zeroth order, and high efficiency into the first order. The first
order is captured for light modulation applications, and due to the low thickness and
hence mass of the silicon nitride ribbons, refresh rates as high as 500kHz are achievable.
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(a) A GLV pixel in the ‘off’ state

(b) A GLV pixell in the ‘on’ state

Figure 2.13: An example GLV pixell. (a) in the ‘off’ state, all reflective ribbons’ top

layers maintain the same height, diffracting light efficiently into the zeroth order. (b)

in the ‘on’ state, half of the ribbons are deflected downwards, altering the diffraction
efficiency into various orders.

Diffraction efficiencies of over 95% have been demonstrated with GLVs [49], with stable
operation after ~5 trillion ribbon cycles. Requiring only 7 mask exposure steps to create
the devices [50], their fabrication is quite simple. GLVs have been demonstrated for the
purposes of laser micro-machining [51] using UV sources, and while their application to
femtosecond laser machining was not found in the literature, their similar constituent
material layers to DMDs means that they would likely be a viable option. The major
disadvantage of GLVs compared to DMDs is the necessary length of the moving micro-
ribbons; in order to flex without breaking, while achieving a displacement comparable
to the wavelength of illumination, the lengths of these ribbons are typically between
100-1000pm [49]. The width of the ribbons is not of as great a concern, with dimensions
of ~10um being typical. This disparity between length and width means that GLVs are
more practically used as 1D, rather than 2D, spatial light modulators.
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Emerging new technologies for DMDs offer enhanced functionality, with MHz refresh
rates and analogue mirror tilt angles being available in some models [52, 53|, though
these are typically produced as quai-1D arrays of MEMS mirrors, with a few rows by
many thousands of columns of pixels in a 2D array. DMDs offer a promising combination
of refresh rate and resolution within available SLM technologies, and as the underlying
MEMS systems are enhanced, they will no doubt continue to be applied to ever-more
advanced laser machining applications.

2.6 Conclusions

The light-matter interactions that occur when ultrafast laser pulses are used mean
that there are distinct advantages to working with this type of laser source for micro-
machining over longer pulsed sources. The high peak intensities available allow for
multi-photon effects, making absorption in a wide variety of materials possible with a
single central wavelength of light. The ultrafast timescale also means limited damage
to non-exposed regions of a given sample, making ultrafast laser pulses an attractive
option for high-fidelity laser machining.

DMDs are to be used as dynamic intensity masks throughout this thesis. A single DMD
mirror of ~10um to a side scales down geometrically on the described beam lines to
below the diffraction limit, and hence the entire ~1000 x 1000 array of mirrors can be
used for the imaging of patterns of resolution at the diffraction limits of the systems.
The behaviour of a DMD surface as a blazed grating means that high efficiency output
is possible when using DMDs as intensity masks.

Various levels of software automation have been added to enhance experimental capa-
bility and fabrication speed during the PhD, some of which have been described in this
chapter. This automation has aided experimental throughput in the current work, with
such forms of automation being vital for the adoption of DMD-based laser fabrication
methods by industry.
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Chapter 3

Image projection-based subtractive
patterning

A broad range of techniques, which will be referred to as ‘subtractive patterning’, focus
on the targeted removal of material from a sample in order to produce a final structure.
Typical examples include chemical etching, Focused Ion Beam (FIB) machining, and
laser ablation. While FIB offers feature sizes down to a few nanometres [2], over large
areas it becomes impractically slow, with typical removal rates in the ym? /minute range
[54]. The high peak intensities available in an ultrashort pulse (=10"W /cm? [4]) allow
for the machining of a wide range of materials, as multi-photon effects enable absorption
in materials which are transparent at low intensities for a particular wavelength. As
the timescale of thermal conduction is long compared to the duration of femtosecond
pulses, highly targeted material removal with minimal damage to adjacent regions is
possible, as explained in section 2.2.2. Typical lateral dimensions of features produced
via subtractive patterning with a single femtosecond laser pulse in this chapter range
between ~1-100um, with depths on the order of ~10-200nm. With a maximum repeti-
tion rate of 1kHz on the Ti:sapphire amplifier, this translates to a ~10” factor material
removal rate improvement over FIB albeit at a much greater minimum feature size).
Despite produced resolutions being diffraction-limited, this speed advantage makes laser

ablation an attractive option for subtractive machining.

The method by which laser intensity is delivered to the desired region of a sample
for targeted material removal must then be decided. A point-wise approach, such as
galvanometer scanning [55], wherein a focused laser spot directed between points on
a sample via the angular deflections of a small, light mirror, ensures a high optical
transfer efficiency for material removal. Additionally, by translating the beam rather
than the sample, faster relative repositioning of the beam spot to the sample is achieved
than by translating the sample itself, for instance using relatively massive translation
stages. The surfaces of samples will often not be suitable for large-area machining using
galvonometer scanning however, as the focal positions of the beam for different angular
deflections will describe a curved 2D surface; additional focussing optics, such as an f-
theta lens, can be used in order to achieve foci over some extended region of a plane. In
order to build up a continuous line, for example, or other pattern of removed material,
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many focused pulses must be overlapped in galvonometer scanning, which may result
in unintended structuring — one such result of which is exploited in Chapter 5.

An optical element may be used to split the intensity into multiple identical foci or im-
ages [56, 57|, patterning many points on a sample simultaneously. The interference of
multiple beams may also be used to produce periodic structures [58]. These techniques
are useful for producing identical structures in a periodic fashion, however the focus of
this chapter will be on the possibilities presented when machined features by sequential
laser pulses are neither necessarily identical nor periodic. An image projection-based
approach, achieved through the shaping of a laser pulse via a mask, can enable an entire
pattern to be ablated in a single, or few, laser pulses. By using a DMD as a ‘dynamic’
intensity mask, which can be updated potentially thousands of times per second [21], in
conjunction with mechanical translation stages for the repositioning of a given sample
over the cm scale and femtosecond laser pulses, features produced in each pulse can be
truly unique, as well as being positioned in an aperiodic manner. Figure 3.1 shows a
simplified form of the setup, omitting focusing optics, to explain the process. A hollow
square intensity mask is illuminated and imaged at the sample, machining hollow square
features in a sample surface in a single pulse. The sample is translated mechanically
between exposures to build up arrays of machined features.

Figure 3.1: Simplified diagram of an array of identical hollow square features being

built up with a combination of image projection-based machining and sample translation.

Blue arrows highlight the two lateral directions the sample has been translated in between
pulses. Homogenising and focusing optics have been omitted.

The first objective addressed in this chapter is to demonstrate and characterise subtrac-
tive patterning via DMD image projection-based laser machining in a range of materials.
The ablation depths at particular fluences, required number of pulses for a given depth
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and minimum lateral feature size were found by exposing arrays of regions of each ma-
terial, which were translated between combinations of parameters to fresh regions of
the samples. It was also informative for later experiments to observe the fidelity of
image reproduction in the sample with increasingly complex masks displayed on the
DMD (for instance, a wide range of feature sizes in a single mask). This consideration
ultimately led to the adaptive optics approaches introduced in Chapter 6. The second
objective was to demonstrate the machining of ~lem? regions while maintaining the
fidelity achieved in a single exposure, by stitching together many exposed regions of
a sample which was translated between exposures; this would allow for macroscopic
bespoke security markings, and the rapid prototyping of biomedical assays. Fluences
stated in this chapter, and elsewhere in the thesis, were calculated by positioning a
Thorlabs S120C photodiode power sensor beneath the objective, near the sample po-
sition, away from the focus such that the beam approximately filled the active area of
the sensor. The DMD mask in question was displayed while the beam was switched to
1kHz mode, and highly attenuated via the continuous ND filter. The readings at low
intensities on the photodiode were calibrated against the readings on the thermal power
meter, and high intensity fluences were extrapolated linearly — high intensities could
not be used directly for this measurement, as they would damage both the DMD and
the photodiode. All intensity was assumed to be contained evenly within a perfectly
minified image of the displayed DMD mask at the sample position, whose area was
measured via SEM.

The image projection-based laser ablation of diamond has been demonstrated in section
3.1, with the published paper given in Appendix A. Minimum feature widths producible
on the experimental setup in thin film materials has been tested in 3.2, in addition to
the patterning of tens of square millimetres with features down to ~1um achieved in
section 3.3. Image projection-based subtractive patterning via DMD femtosecond pulse
shaping is then used to produce stem cell growth assays in section 3.4.

3.1 Diamond ablation

The image-projection based ablation of polycrystalline diamond has contributed to pub-
lished material [59], and this section will present results produced relevant to this work
in the course of this PhD. Though diamond required significantly higher fluences to
machine than other materials in this thesis, it was an existing objective within the
group to machine the substance at the commencement of the PhD. Macroscopic area
machining, reproducibility and minimum resolution size were not as of great a concern
as simply demonstrating the feasibility of diamond machining via image-projection, and
so it is shown as a promising first achievement in rapid laser micro-machining enabled
by DMDs.

The high thermal conductivity, hardness and optical properties of diamond make it
a widely used material across various industries [60]. Any process capable of high-
resolution patterning of diamond, particularly at high speed, is then of interest. Laser
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ablation via micro- and nanosecond pulses of diamond has been demonstrated previ-
ously, where the heat-affected zones associated with these longer pulse durations was
noted [61] — using a 100um spot, heat-affected zones of 350um and 10pm extended di-
ameter around the focused spot region were observed for micro- and nanosecond pulses
respectively. Focused femtosecond pulses have been used to pattern diamond with a
scanning point-wise approach, with minimum feature widths of 700nm achieved [62].
Micron-scale curved trenches and edges have been ablated in diamond using a phase-
control SLM to produce accelerating femtosecond beams [63|, while the combination of
a deformable mirror and liquid crystal (LC) SLM has been used to correct for aber-
rations and allowed femtosecond machining inside bulk diamond [64]. At the time of
publishing, no reports of image projection-based ablation in diamond were found.

Diamond is transparent across much of the visible spectrum, with an absorption edge
at 225nm. For this reason, it is believed that on using an 800nm wavelength 150fs
pulse, four photon absorption was responsible for most of the observed surface modi-
fications. As m-photon absorption is proportional to the mth power of intensity, the
ablation of diamond required the highest fluence at a sample position used in this thesis,
~11.5]/ cm?. This fluence was used per pulse for each structure shown in the remainder
of this section. Even so, modification was not clearly visible after a single pulse, and
results in this section typically required >10 pulses to be observable under SEM. Inter-
ferometric profiling showed average depths of 69nm and 106nm after 10 and 50 pulses,
respectively. Previous work on the femtosecond ablation of diamond [65] notes that ini-
tial pulses induce the graphitisation phenomenon, wherein at high temperatures a phase
change occurs from diamond to graphite. As the thermal conductivity of diamond is
high, a non-negligible amount of heating occurs over a thin layer even with femtosecond
laser pulses, causing graphite to form, which is then more strongly absorbing during
subsequent pulses.

Using the 100x microscope objective on the DLP3000 line to image DMD masks at the
sample, which yielded a minification factor of ~127x, the fluence used translated to
~1.6mJ/ cm? on the DMD itself. This was near to the damage threshold of the DMD,
and was typically not possible to achieve on the DLP3000 line. In order to raise the
incident fluence on the DMD, collimation lenses prior to the pi-shaper were reposi-
tioned such that the output of the pi-shaper was a near-homogenised circular intensity
distribution of smaller diameter and higher peak intensity. Similar to the pi-shaper
output seen in Figure 2.11, a smaller input beam diameter to the pi-shaper resulted
in a ‘ring’ of high intensity around a near-homogeneous circular intensity distribution.
While DMD masks were deliberately chosen such that they would be entirely exposed
by the homogeneous region, the high number of pulses used in this experiment led to
cumulative damage to DMD mirrors exposed to the high intensity ring, as shown in
Figure 3.2.
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Figure 3.2: Optical microscope image of a damaged region of a DMD chip exposed to
a high intensity ’ring’.

Alphanumeric characters were chosen as the shapes to display on the DMD as intensity
masks during initial ablation tests on diamond. As large diamonds are a high-value
item, the motivation for this was the possibility of rapidly ablating security codes onto
diamonds’ surfaces, for which alphanumeric characters are a natural choice. Addition-
ally, alphanumerics provide a range of straight, curved and angled shapes, the machining
of which helps to determine the fidelity of the technique.
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(a) The letter E’ ablated in diamond (b) The letter ’S’ ablated in diamond
in 10 pulses in 10 pulses

(c) The letter 'S’ ablated in diamond
in 50 pulses

Figure 3.3: SEM images of alphanumeric characters ablated into diamond in either 10
or 50 pulses at %11.5‘1/cm2 per pulse.

Figure 3.3 shows the resulting features ablated in diamond after either 10 or 50 pulses.
Figures 3.3(a) and 3.3(b) were machined using 10 pulses each, requiring 10ms total time
to produce using a 1kHz repetition rate laser. Figure 3.3(c), produced in 50 pulses, ac-
cordingly required 50ms to machine. The average line width in each structure was
measured to be ~900nm. Visible in each of the three structures are ripple-like modu-
lations, produced perpendicular to the direction of polarization of the incident pulses.
These structures are typical of multiple femtosecond exposures at the same point on a
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sample, and are known in the literature as Laser-Induced Periodic Surface Structuring
(LIPSS); the effect can be reduced by using circularly polarized light [66].

(a) The word 'ELEMENT’ ablated in diamond in 10 pulses per letter

(b) The word 'ELEMENT’ ablated in diamond in 50 pulses per letter

Figure 3.4: SEM images of the word 'ELEMENT’ ablated into diamond using (a) 10
pulses per letter and (b) 50 pulses per letter. Individual letters were ablated in sequential
pulses, and the sample translated to a new position between different letters.

Figure 3.4 shows the result of the technique when used to ablate features in close
proximity in order to build up a final pattern. Each letter was machined in either 10 or
50 pulses, after which the sample was translated mechanically such that a nearby region
would be exposed during subsequent pulses. The word "ELEMENT’ was machined in
both cases, for a total of 70 pulses used to produce the structure seen in Figure 3.4(a) and
350 pulses to produce the structure in Figure 3.4(b). The technique clearly reproduced
the letters displayed on the DMD in a recognisable form at the sample. To further test
the technique, a ’bow-tie’ pattern was displayed on the DMD — two opposite facing
triangles with a gap between them. The result is shown in Figure 3.5.

(a) A bow-tie shape ablated in diamond in (b) A bow-tie shape ablated in diamond in
50 pulses 500 pulses

Figure 3.5: SEM images of a bow-tie shape ablated into diamond.
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While the depth profile seen in Figure 3.5 is recognisably a bow-tie, the intended gap be-
tween the two triangles has not been produced. In Figure 3.5(a), produced in 50 pulses,
the material in the region between the points of the two triangles has been removed,
albeit at a shallower final depth achieved than in the majority of the exposed regions.
After 500 pulses, the intended gap region has again experienced material removal, and
the overall depth of the pattern is great enough that available spectroscopic and pro-
filometer techniques could not discern the depth achieved. The material removal in the
unintended region is a result of imperfect imaging of the DMD mask, an effect which
will be present to some degree in the imaging of any spatial intensity distribution, to
be considered in more detail in Chapters 5 and 6.

The line widths of the letters displayed on the DMD in order to produce the letters
seen in Figures 3.3 and 3.4 were all approximately equal. However, when attempting
to machine a complex pattern with multiple feature widths, the imperfect imaging
problem which resulted in unintended material removal in Figure 3.5 may limit the
range of line widths present in a DMD mask if an accurate reproduction at the sample
is required. Figure 3.6 shows the result of the technique when attempting to ablate a
complex pattern in 50 pulses. While the general form of the intended mask has been
reproduced, clearly fine detail has been lost — particularly where fine line widths were
intended, imperfect imaging has resulted in intensities too low to achieve ablation. An
approach to address this problem is currently under development, and is discussed in
section 6.4.

Figure 3.6: SEM image of the word ’Light’, in complex script, ablated in diamond.
The inset shows the mask as displayed on the DMD, while the SEM image shows poor
reproduction in diamond.

In conclusion, image projection-based ablation has been used to pattern a typically
difficult to machine material, namely diamond. In the published work, yttrium iron
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garnet was also machined. Line widths of sub-micron sizes have been achieved, and
the technique is adequate for the purpose of security marking high-value items with
tags invisible to the naked eye. Future work would include characterising the optical
properties of crystals machined with the technique, as the micron-scale feature sizes
mean they would be suitable for some photonic applications.

3.2 Thin film ablation

In order to test the minimum separation attainable between subtractively patterned
regions machined via the image projection of a single DMD mask, thin film materials
(tens of nm) were chosen as samples. As ablation depths per pulse were typically on
the order of tens of nm, ablation in undesired regions (as in Figure 3.5) after a single
pulse in these thin films was expected to be visible with high contrast. Conductive ma-
terials (gold and carbon) were sputtered onto silica glass, so that both optical and SEM
imaging could be used to readily observe the final result of the ablation. As the silica
was transparent at 800nm and intensities were kept below levels where multi-photon
absorption was likely to occur, this insulating substrate material was ideal for high con-
trast in both optical and SEM imaging. The threshold ablation fluence found for gold
was 0.19J/ cm2; though the equivalent experimental conditions were not found in the
literature, this agrees broadly with a threshold value of 0.25J/ cm? using a 615nm 300fs
source [67], and between 0.12-0.27J /cm? using a 400nm 150fs source. The threshold of
0.25J/ cm? found in carbon agrees with behaviour observed by Lenner et al [68], where
the ablation threshold when using a 100fs 800nm source was 0.13J/ cm?, but a sharp
increase in ablated volume per pulse was observed above 0.2J/ cm?.

To investigate the minimum feature separation with the DLP3000 beam line using the
50x objective, a “split ring” pattern was chosen; a square with one side separated from
the other three by a varying distance. Split ring resonators are a common structure
in metamaterial design [69], where novel optical effects emerge when dimensions of the
resonator are below the wavelength of incident light. While more commonly the final
split ring will be comprised of conductive material, in this experiment a ‘negative’ of
the split ring design will be produced in surrounding conductive material — a ’comple-
mentary split ring resonator’ [70], which has been studied for applications in microwave
device design.
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(a) Rapid repeatability (b) Low feature separation

Figure 3.7: Split rings ablated in single pulses into a 30nm thick layer of gold coated
on a glass slide using an energy density of 0.19J/ cm?. All four sides of each split ring
were displayed on the DMD during each exposure.

Figure 3.7 shows the repeatability of the method, wherein arrays of dozens of split rings
are produced sequentially using one pulse each. A range of split ring overall widths and
line widths were displayed on the DMD during separate pulses. Feature separations
of ~2um in a 30nm gold layer deposited on a silica glass slide were achieved, while
line widths in the ablated regions making up the sides of the split rings are ~4um.
Though there is evidently some peeling of the gold layer from the underlying silica, in
future a thin (=5nm) layer of chromium could be deposited before the gold [71], or a
post-deposition annealing step [72] could be performed, for better adhesion.

(a) Limit of separate features in gold (b) Peeling problem in carbon

Figure 3.8: The limit of feature separation of a split ring displayed for (a) 30nm thick

gold compared with the same image ablated in (b), a =50nm thick carbon layer. Both

ablated with an energy density of 0.25J /cm2. Carbon displays line widths as small as
~2um;, half the line width for the same projected image as gold.

Figure 3.8 shows a comparison of an image at the minimum recognisable ablated image
size ablated in gold compared to that achieved in carbon. Total full feature widths
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of =~10um were achieved in both materials. The smaller line widths in Figure 3.8(b)
than in Figure 3.8(a) (~2um in carbon vs ~4um in gold) suggests that peeling is a
material-dependent property which limits the technique in thin films. Diffractive ef-
fects, as discussed in Chapters 5 and 6, lead to the incidence of intensity at undesired
regions around the edges of any projected intensity pattern, as in the previous section.
In this case the undesired intensity appears to have been great enough to overcome
the adhesive bond strength between gold (and to a lesser extent carbon) films and the
underlying silica substrate, causing material removal via peeling outside of the intended
area of intended removal via ablation.

While the split rings produced are clearly above the dimensions required for visible light
metamaterial applications, their ~10um scale may mean that they are viable for use
in the terahertz — far infrared range. Future work would include a similar ‘remaining
feature’ limit test when imaging the negative of the DMD masks used in this section,
such that split ring resonators comprising conductive material remain on the silica
substrate.

3.3 Rapid Patterning

A technique for the patterning of areas of tens of square millimetres with single micron
accuracy is reported in the paper “Fabrication of variable period grating structures via
laser ablation using a digital micromirror device”, in Appendix A. This section will ex-
pand upon the content of this work.

Gratings are a common optical component, and the flexibility and rapidity of their man-
ufacture is of interest to the optics community and industry. Femtosecond pulses have
been used previously in the production of grating structures, commonly fibre Bragg
gratings |73-75|, using phase masks in combination with incident light to create a re-
fractive index change in the target material; a more complete review of femtosecond
fibre Bragg grating production can be found in |76]. Focused spot scanning of femtosec-
ond pulses has also been used to write fibre Bragg gratings [77], as well as to ablate
grating structures at a scale visible to the naked eye 78], while two-beam interference of
femtosecond pulses has been shown to produce grating structures deep within materials
[79] and with sub-wavelength periods [80].

In this section the versatility, rapidity and scale possible with DMD femtosecond laser
machining is demonstrated. Many thousands of individual diffraction gratings are ab-
latively patterned in close proximity to one another, each of which may have a distinct
period from its nearest neighbours. The final marked surface appears as a coloured
image with a size of ~lcm.
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3.3.1 Method

The procedure involved in the fabrication of large-scale variable period grating arrays is
shown via a simplified example in Figure 3.9, which shows the machining of individual
letters into a surface. In all results shown, the target sample was a 750nm thick bismuth
telluride (BiTe) film on a glass substrate. The ablation threshold of the BiTe film was
found to be approximately 35mJ/ cm?. The energy density used to produce the sample
in Figure 3.9 was ~90mJ/ cm? — this value, being over 2 times the ablation threshold,
ensured ablation deep enough to be clearly visible under optical and scanning electron
microscopes. Figure 3.9(a) shows an SEM image of a letter ‘A’, which was ablated using
a single laser pulse, with the inset showing the pattern that was displayed on the DMD.
Figure 3.9(b) shows an SEM image of six different letters, where each letter was also
ablated using a single laser pulse, with DMD pattern updating and stage movement
after each pulse. In this example however, the sample was actually moved continuously,
and the timing of the updating process on the DMD was linked to the activation of the
Pockels cells in the laser amplifier, which resulted in the generation of a laser pulse.

In the previous sections of this chapter, the sample was allowed to come to rest before
ablation via image projection, which limited the processing speed. By continuously
moving the sample during machining, it was possible to project multiple images per
second at different regions of the sample; the repetition rate of the laser was 1kHz,
and the DLP3000 capable of refreshing up to 4kHz, and so 1000 distinct subtractively
patterned regions should be possible to machine per second. In order to maintain po-
sitional accuracy however, and due to the image upload method used (HDMI cable),
results in this section were generated at a rate of 8 machined regions per second. The
procedure could be repeated indefinitely to produce a desired final pattern by control-
ling the stage movement in 2D; a larger region is shown in Figure 3.9(c). Consecutive
letters were machined in the vertical direction in Figure 3.9(c), the purpose of generat-
ing this structure was to ensure that little drift of the sample occurred between lines of
letters, and that the DMD reliably updated at a particular frequency. Note that to the
left of Figure 3.9(c) each letter is repeated 5 times before switching, while to the right
a different letter is displayed during each pulse. The frequency of switching increases
from left to right across the Figure; ten lines of letters were machined at each DMD
mask switching frequency, all whilst moving at a speed of 0.25mm/s.

The automated process, which combined the laser pulse generation, stage movement
and DMD update process, required an input sample map, which specified the structure
that should be ablated at each position on the sample. In practice, the sample map was
a 2D array of numbers, where each number corresponded to a particular DMD pattern.
For the case in Figure 3.9(c), the sample map was a 2D array that consisted of the set
of numbers |1 — 6] which corresponded to the projected letters [A — F|.

To produce grating structures, the DMD patterns were specified as a set of parallel
lines whose spacing and line width were both under computer control. Figure 3.10
shows the DMD patterns used together with corresponding SEM images of structures
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(a) Ablation of a single structure (b) Ablation of six

(with the DMD mask inset) distinct structures,
machined using
six sequential laser
pulses

(c) 2D contiguous array of machined structures

Figure 3.9: Demonstration of the image projection machining technique in 750nm thick
BiTe at a fluence of 90mJ /cm?.

that were ablated in single pulses. Different grating periods corresponding to 2.0um in
Figure 3.10(a) and 2.5um in Figure 3.10(b) are shown. Though the aspect ratios of the
resultant ablated features matched the DMD patterns used to produce them, a slight
rounding of the end of each line in the ablated grating patterns is evident. This effect,
a result of the impossibility of collecting all spatial frequencies present in a mask for
imaging, is discussed further in Chapter 6.
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(a) Final period of 2.0um (b) Final period of 2.5um

Figure 3.10: DMD grating images and associated SEM images of ablated structures in
750nm thick BiTe at a fluence of 90mJ/ cm”.

3.3.2 Large scale structures

The ablated gratings in Figure 3.10 produced from a single laser pulse were to pro-
duce observable diffraction under white light illumination, displaying a colour that was
a function of grating period, illumination and viewing angle. Using the approach de-
scribed in Figure 3.9, where a sample map was used to specify the structure that should
be ablated at each position on a sample, it was possible to ablate an array of grat-
ings that, when photographed, appeared as a 2D array of differently coloured squares.
Figure 3.11 shows an example of this approach, where the sample map consisted of
two different DMD patterns corresponding to two different grating periods, where the
upper left pattern in Figure 3.11 was used to display colour corresponding to the letters
‘DMD’, and the lower pattern to generate the coloured background. Figure 3.11 shows
a photograph of the final diffractive structure of size 9mm by 7mm, which contains
70200 separate gratings, written at a fluence 90mJ/cm2 per pulse, with grating peri-
ods of 2.0um and 2.5um for the letters and background respectively. Due to the close
proximity of the camera to the sample when taking the photograph, the viewing angle
dependence translates into a variation in diffracted colour across the sample, and hence
the three letters that formed the word ‘DMD’ display a colour gradient. At a longer dis-
tance, of 50cm, when viewed by eye all three letters displayed the same diffracted colour.
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Figure 3.11: Schematic showing two different DMD masks which correspond to regions

of a photograph of a 2D array of grating structures ablated in 750nm thick BiTe, with

each structure ablated at a fluence of 90m.J/ cm”. The letters and background correspond

to grating periods 2.0pum and 2.5um respectively. The spacing between adjacent gratings
was 30pm.

The method was extended to multiple grating periods, to fabricate a more complex
sample. Figure 3.12 shows the effect of using 9 different DMD patterns, each with a
different period, to form a sample of size 9mm by 7.5mm, comprising /43,000 gratings.
Each grating was ~30um in lateral dimensions, and the gratings were also spaced by
approximately this value. Noise in the velocity of the sample, likely introduced from
the mechanism of the stepper motors on the translation stages, meant that there was
an error in this spacing of ~ + 2um. The sample map was defined to reproduce the
appearance of the Morpho butterfly, whose wings display a striking blue colour due to
their grating-like structures, typically of period ~1um [81].
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Figure 3.12: (Upper) Photograph of light diffracted from a 2D array of grating struc-

tures, with an inset showing a photograph of the structure from a greater distance which

displays more symmetric colouration. (Lower) An SEM image of a section of the sample,

showing a variety of different grating periods. The criss-crossed lines observable on the

sample are pre-existing scratches on the sample. The sample substrate is 750nm thick
BiTe, and each grating structure was produced at a fluence of 90mJ/ cm?.

While the colours produced in Figure 3.12 varied from blue to red in the horizontal
direction due to the position of the camera and direction of incoming ambient light,
when observed by eye at a larger distance, the reduced incidence and output angles
correspondingly resulted in a reduced spectral range at the eye, i.e. gratings of identical
period from different regions of the sample appeared as the same hue when viewed
from a large distance, as in the inset of the photograph. The variation in colour at
a large viewing distance was caused by variations in the period of the gratings that
were ablated in the sample, where the position and periods of the ablated gratings were
chosen in order to replicate the appearance of the vein-like detail present on butterfly
wings. Whilst we have demonstrated here a butterfly profile, many other patterns, such
as a logo or an identification code, could also be readily produced. The lower portion
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of Figure 3.12 shows an SEM image of a small section of the fabricated structure, and
demonstrates the variation in the period of several adjacent gratings (2.16pm, 2.06um
and 2.13pum). The maximum resolution of the detail on the butterfly image corresponded
to the size of the individual gratings, at 30um. The region outside the butterfly profile
was not ablated to increase the visibility of the fabricated sample, and demonstrates
that arbitrary perimeter shaping is possible with the technique.

3.3.3 Discussion

In this section, patterns such as those shown in Figure 3.10 were ablated via single
pulses into 750nm thick BiTe, which comprised 30umx30um diffraction gratings, using
the DLP3000 line. By covering macroscopic areas in these gratings, coloured images,
which were visible to the naked eye, were formed. In order to diffract different colours
at a given angle from different gratings, the periodicity of the gratings had to be varied.
To obtain equal ablation depths of grating patterns, the intensity at each region in the
imaged DMD surface should be equal. In a perfectly recreated image of the DMD sur-
face, using a homogenised input pulse at the surface of the DMD, this would be trivial.
However, a subtlety of the DLP3000 line had to be accounted for.

The collimating lens forms a diffraction pattern of the DMD image at the back of the
50x objective, before being imaged to a minified version at the sample. The opening at
the back of the objective effectively creates a spatial filter, so that some proportion of
high spatial frequencies are removed. The grating images can still be almost faithfully
recreated using only lower spatial frequencies, but there is some power loss under some
conditions. By taking the Fourier transform of various grating DMD images of various
line separations, as one might expect, for smaller grating periods more intensity is lost
in these high frequencies. As the pulses arrived at a rate of 8Hz, it was unfeasible to
attenuate the input power differently for each pulse to account for this using a trans-
lating variable neutral density filter as was usually used.

This was then a limiting factor in the number of different grating separations that were
possible to be recreated at a given input pulse intensity with the setup — for equal on /off
line widths, large separations would ablate much more deeply than small separations,
as a higher proportion of intensity entered the 50x objective in the central few maxima
of the diffraction pattern of large period grating images. To compensate for this, the
ratio of on/off line widths was varied — for instance, a total separation of 28 pixels was
typically achieved with ‘on’ lines 13 pixels wide and ‘off’ lines 15 pixels wide. Con-
sidering the Fourier transforms, as shown in Figure 3.13, a greater proportion of total
intensity is further from the central maximum for gratings of total period 28 composed
of 13 pixel wide ‘on’ lines and 15 pixel wide ‘off’ lines than for 28 pixel period gratings
of 14 ‘on’ and ‘off” lines. Thus, more power was lost for the 13 ‘on’/15 ‘off” gratings at
the entrance to the 50x objective. By empirically testing different ratios of on/off line
widths, appropriate values were determined to use in order to achieve similar ablation
strengths for different total grating line separations.
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(a) A 1D cut of the 2D Fourier transform of a (b) A 1D cut of the 2D Fourier transform of a
grating image with 14 pixel wide ‘on’ and ‘off’ grating image with 13 pixel wide ‘on’ and 15
lines pixel wide ‘off’ lines

Figure 3.13: A comparison of Fourier transforms for varying the ratio of on/off line
widths.

Additionally, maintaining the imaging position (or ‘focal position’) with relation to the
height of the sample was a difficulty. As described in section 2.4.2, prior to begin-
ning a scan over a 2D region, the 3D positions of 3 ‘in focus’ points at the corners of
a square within which machining would occur would be manually found and provided
to the software. Sample translation would then include repositioning parallel to the
direction of the beam (‘z direction’), to account for an initial 2D sample which was
not ideally perpendicular to the beam line. This was sufficient to maintain focus to an
acceptable degree during the production of results in this section, though backlash on
the translation stages meant that, line-to-line, there was a slight change in z-position.
Note in Figure 3.9(b) that sample translation occurs in both the positive and negative
directions while trains of pulses are incident on the sample, i.e. for one line of machined
patterns the sample would be translated upwards, while during the next line it would
be translated downwards. The 3D interpolation of focal positions made no adjustments
for the direction from which focal adjustments were being made, and so the assumed
focal positions were off by as much as the backlash of the translation stages: a few
microns. As the initial 3D points were set after a movement in one particular direction,
this meant that focal position was maintained well while moving in one direction, while
being maintained poorly in the opposite direction, as can be seen from Figure 3.14. The
line widths of the letters ‘A’ and ‘F’ are clearly thinner in some vertical lines compared
to adjacent lines — the result of diffraction of the optimally imaged DMD mask over
the small backlash error distance. Though this error did not greatly impact the results
of this section, when working with the 100x objective (which has a shorter working
distance), or relying on multi-photon effects (which are more sensitive to small changes
in intensity), it must be taken into consideration.
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Figure 3.14: Image position is maintained while scanning vertical lines in one direction,

but is a few microns off while scanning in the opposite direction. The diffraction of the

optimum image over this small error distance amounts to wider line widths of ablated
features.

Although the maximum repetition rate of the laser used was 1kHz, it was operated
at 8Hz for these trials, limited by the positional accuracy and data upload method
at our disposal; this should not be considered as an intrinsic manufacturing limitation.
The sample shown in Figure 3.11, which contained 70200 gratings, took a total time
of 150 minutes for fabrication. With faster stages, at the maximum repetition rate of
the laser of 1kHz, the total fabrication time could be reduced to just over one minute.
Although the work presented here used a 750nm thick BiTe compound semiconductor
film on a glass substrate, other materials, including metals, ceramics, and polymers
were also successfully laser-machined using this technique. Bismuth telluride’s high
absorption at 800nm wavelength [82], and hence efficient ablative machining with our
laser source, led to its predominant use in this work. The smallest grating period
achieved (2.06pum) was comparable to many results presented in [73-77], though larger
than the smallest reported period of these of 1.07um [77]. The interferometric gratings
produced in [80] achieve yet smaller results of 400nm, though it should be noted that all
of these results are produced by specialised grating-production methods, while DMD-
based image projection laser-ablation is suitable for the writing of more diverse patterns.
This shows that image projection laser-ablation using a DMD can yield comparable
results in feature size to custom-built phase masks, while machining areas with non-
identical patterns over an arbitrary area.
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3.4 Stem cell scaffolds

Regenerative medicine is a branch of research dealing with the replacement, construction
or regeneration of individual cells, tissues or whole organs. Stem cell research is then a
subset of this field, dealing with ‘pluripotent’ cells which may develop into the various
cell types in the body. There are several steps of development between ‘embryonic’
stem cells, which may follow a differentiation pathway to become any cell type found
in the human body, and cells which have developed to a final state. Intermediate cell
types are still referred to as stem cells, for instance Mesenchymal Stem Cells (MSCs),
which may further develop into bone, cartilage, fat, tendon, muscle or marrow cells [83].

The work in this chapter relates to an ongoing collaboration with a group specialising
in research into MSCs, led by Professor Richard Oreffo. Mounting evidence has been
found by the group that surface topography of cell culture growth assays influences cell
adhesion and differentiation [84-87]. Typical surface modulations thus far have been
circular holes with depths of tens of nanometres, and centre-to-centre separations of
a few hundred nanometres; a great deal of investigation into the parameter space of
topographical modification remains to be made. A ‘final product’ for the team may
take the form of an implant or prosthetic, made from a bio-friendly material, whose
surface is micro- or nano-machined to promote cell adhesion and multiplication while
controlling differentiation.

Image projection-based subtractive patterning with femtosecond laser pulses then presents
a rapid method to trial a wide variety of materials and topographies. The motivation
for particular topographies generated in this section will be given briefly where possi-
ble, but is largely up to cellular signalling pathways better understood by Oreffo’s team.
Thus far, feature sizes on the order of ~10um lateral dimensions of height /depth 10-100
nm, separated by ~30um have been the aim, roughly on the size scales of living cells.

3.4.1 Directly machined assays

One of the most important criteria for any final growth assay was that it be large enough
for a statistically significant number of cells to be grown, as well as to be manipulated
by hand — on the order of a few square millimetres to lem?. In order to study whether
cells would preferentially multiply, differentiate or even migrate between different to-
pographies, a growth assay similar to that in Figure 3.15 was desired.
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(a) SEM image of 4 adjacent quadrants

(b) SEM image of the ‘gradient depth’ (c) SEM image of a single ‘pillar’ produced
holes quadrant by the ablation of surrounding material

Figure 3.15: A 200nm thick BiTe substrate patterned with different DMD masks and

numbers of pulses in 4 adjacent quadrants. All four quadrants are shown in (a), the

four regions are (upper left) blank, (upper right) pillars, (bottom left) gradient depth,

(bottom right) single depth. (b) shows a higher magnification image of the gradient

depth holes, and (c) shows a yet higher magnification of a square ‘pillar’. Each pulse

used was at a fluence of 140mJ/cm? — a fluence well above threshold, to ensure high
ablation depth per pulse.
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While the blank quadrant required no modification, and the uniform depth quadrant in
the bottom-right quadrant of Figure 3.15(a) required simple translation between pulses,
the ‘gradient depth’ and ‘pillar’ quadrants in Figures 3.15(b) and 3.15(c), whose spec-
ifications are given below, required new methodology.

The square holes in the gradient depth quadrant were intended to be of uniform depth
for one line of identical squares, separated by uniform distance, and of gradually de-
creasing depth for subsequent lines (reducing depth vertically in the figure). While this
could have been achieved via intensity modulation, repeated exposures at the same lo-
cations on the sample were used for an increased range of depth modification — at the
maximum available intensity tens of nanometres were ablated per pulse, while using up
to 13 pulses as for Figure 3.15(b) it appeared possible to machine through the entire
200nm depth of BiTe. With a reduced energy per pulse, more pulses per exposed fea-
ture were required to produce a given depth modulation in the uniform square hole and
pillar regions; 3 pulses per exposed feature were used for these.

The ‘pillar’ quadrant, i.e. square regions of material standing above the local average
surface of the substrate, were generated by stitching together regions machined via the
exposure to a hollow square-shaped intensity profile. In fact, earlier tests wherein entire
hollow square patterns were exposed at once resulted in rounded corners of the remain-
ing square pillar, likely due to the imperfect imaging seen in earlier sections of this
chapter, and so each hollow square was ablated by exposing one ‘side’ of each square at
a time. This meant that each pillar, as seen in Figure 3.15(c), required 12 pulses to be
generated (3 pulses per side of each square). While square pillars were produced, it is
clear that the ‘stitching’ of regions of removed material was sub-optimal — thin bridges
of under-ablated material remain prominently on the upper and left sides of the square
pillar shown in Figure 3.15(c), while too great a depth has been machined at the corners
of the hollow square-exposed regions.

Although improved image-stitching may allow higher fidelity pillars to be produced in
this way, ultimately the approach has had little further development due to fabrication
time. Exposing the same region to multiple pulses requires acceleration of the sample
between each machining point — a slow process compared to that shown in Section 3.3.
The assay in Figure 3.15 was generated in ~2 hours, and was ~lmm on each side.
This translates to an unfeasible ~200 hours per assay of the desired size; this issue
is compounded by a10 copies of each assay being required for cell behaviour to be
demonstrably repeated. Rather than continuing to improve machining accuracy for a
point-by-point ablation method, the continuous sample translation in Section 3.3 was
paired with a moulding technique to more rapidly produce assays.

3.4.2 Moulded assays

The image projection-based subtractive manufacture of individual cell growth assays
is a time-intensive procedure requiring specialised equipment. For the production of
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unique structures it is an attractive tool for the reasons outlined earlier, however the
requirement in this case of ~10 copies of each assay meant that a moulding process
could greatly reduce the cost of production.

Poly(dimethysiloxane) (PDMS Dow Corning SylGard 184 silicone elastomer kit) was
used to drop-cast ‘master’ assays machined in other materials; curing on a hot-plate at
120°C for 1 hour, with or without a silica glass backing layer, meant that near-identical
copies of a laser-machined master could be produced with little labour and inexpensive
equipment. A release layer of 10% soap in ethanol by weight was applied and allowed
to dry on masters before drop-casting. The assay in a cast would be the ‘inverse’ of
the master, i.e. holes in the master would produce pillars in the cast. PDMS has a
variety of properties beneficial to this study [88]|. Flexibility and ease of bonding to
other surfaces would mean a 2D assay could be bound to a curved surface, such as on
an implant. Impermeability to water, permeability to gases and nontoxicity to cells
are particularly important for biological studies. Being transparent down to 230nm,
optical transmission microscopy can be readily used to observe cell growth in situ — a
difficulty when working with other popular growth assay materials, such as titanium.
Additionally, casts of the master assay could be used as ‘secondary masters’ as shown
in Figure 3.16, typically reapplying the release layer and ‘soft-baking’ the second cast
(~90°C for 1 hour). Given a laser-machined master where the active region of the assay
is patterned with holes, the first cast would then contain pillars, and the secondary cast
would contain holes.

Figure 3.16: Polymer drop-casting is used to increase production speed of identical
assays. Casts with inverse features to the master can be used to produce secondary casts
with features identical to the master.
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As well as allowing for the production of biologically-friendly assays with both holes
or pillars, multiple primary casts could be used to produce many secondary casts in
parallel, if the desire for more copies of a single assay arises. Though the secondary
cast process has been used successfully with laser-machined masters in this section, an
investigation into the fidelity of feature reproduction for successive generations of ‘mas-
ter’ remains to be made.

Initially a 500nm layer of bismuth antimony telluride (BiSbTe) on silica was used as
a master assay material. A similar 4-quadrant structure to that in Section 3.4.1 was
produced using the continuous stage translation technique, albeit with trains of pulses
incident on the DMD only during stage translation in a single direction, to avoid the
backlash problem encountered in that section. Each feature was machined in a sin-
gle pulse then, at a maximum fluence of 760mJ/ cm?; variation below this fluence was
achieved with the greyscale DMD mask display technique described in section 6.3, and
was used intended to produce linear attenuation of intensity at the sample by a factor of
0-0.5 over the ‘gradient hole’ region. The pillars were achieved via attempted stitching
of hollow-square features exposed in single pulses during sample translation, rather than
ablating each side around the square pillar consecutively. The rounding of the corners
on the square pillars was slightly greater than in Figure 3.15(c), as seen in the SEM
image in Figure 3.17, and the stitching considerably poorer.

Figure 3.17: A pillar machined in BiSbTe via continuous sample translation and stitch-
ing of regions exposed to hollow square-shaped intensity distributions.
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As the moulding process ultimately allowed the production of both pillar and hole-
patterned assays, attempts to produce pillars directly via laser-machining were halted
after this test. This will temporarily impede the study of migration of cells between
regions patterned with holes and regions patterned with pillars, but the rapid produc-
tion of assays with varying feature dimensions, even if the assay comprises only holes
or only pillars, was deemed a priority. Incorporating image recognition techniques de-
scribed in section 6.2 may allow the 4-quadrant design to be reliably produced in future.

A further complication associated with PDMS casting is highlighted in an extreme case
by the optical microscope images in Figure 3.18. Contamination of the PDMS cast by
master material, and damage to the master by the peeling of the PDMS cast, was a
particular difficulty when using thin film materials as masters.

(a) Optical microscope image of pillar (b) Optical microscope image of pillar
region of master post-casting region of cast

Figure 3.18: A 500nm thick BiSbTe master is torn after as a PDMS cast is peeled away.

Large strips of the thin-film master have been peeled off with the removal of the PDMS
cast in Figure 3.18, ruining both master and cast. The damage in this example is exten-
sive, though even a small level of contamination by toxic material would be detrimental
to the final assay. One considered solution to this was the use of water-soluble (and
hence easily removed), biologically-friendly thin film materials as masters. The original
master would be treated as a sacrificial structure; regions of the thin film may adhere
to the PDMS cast as before, destroying the master, but could be easily dissolved to
leave a near-pristine cast. This cast could then be used for secondary castings — with a
PDMS casting from PDMS, no toxic component is necessary. Both glucose and gelatin
dissolved in water were spin-coated onto silica glass slides and allowed to dry/set. As
both are transparent materials, it was expected that multi-photon effects would be nec-
essary for ablation, and so the 100x objective on the DLP3000 line was used. Regions
of square holes were ablated into each; the results in glucose are shown in the SEM
images in Figure 3.19.
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(a) SEM image of 5 lines of square holes ablated in glucose

(b) SEM image of a square from the (¢) SEM image of a square from the
first machined line last machined line

Figure 3.19: SEM images of the square hole ablation quality in glucose, each produced
with a single pulse at 7.2J/cm2.

The top line of squares in Figure 3.19(a) was the first line machined, and the bottom
line the last. The bottom line of squares appears darker than the top in the SEM image,
and higher magnification SEM images in Figure 3.19(b) and 3.19(c) show that this is
due to a build up of debris, which may have been nanofoam, a substance associated
with femtosecond machining [89]. Ablated material redeposits on surrounding areas
in the form of foam, and hence features machined early in the process will experience
more redepositions from adjacent machined areas than features machined later. While
gas removal techniques could be used to reduce this concern (vacuum pump, nitrogen
blower), the preparation of glucose films was found to be less repeatable than gelatin
— possibly due to low control over ambient humidity in the laboratory. The fluence
of 7.2J/ cm? was known to be correspond to a fluence at the DMD surface below the
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DMD’s damage threshold, while being high enough to observe multi-photon effects in
glass, and hence was chosen as the first trialled fluence for the ablation of glucose. The
value corresponded to a reading of 600mW on the thermal power meter, which was
typically used to define incident intensities on the DLP3000 line.

(a) SEM image of square holes ablated in gelatin

(b) SEM image of a square machined with (¢) SEM image of a square machined with
projected intensity in focus projected intensity out of focus by ~2um

Figure 3.20: SEM images of the square hole ablation quality in gelatin, each produced
with a single pulse at 6.6J/cm2.

Material redeposition appears low in Figure 3.20, and structures were stable after sev-
eral days at ambient conditions in the laboratory. The projected image-reproduction
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quality was highly sensitive to focal position; squares which appear to have been ab-
lated by projected intensity away from the imaging plane as in Figure 3.20(c) appear in
close proximity to those ablated at the image plane in Figure 3.20(b). This effect was
likely seen as a result of a large disparity in the z-direction between points used for the
interpolation of focal positions described in Section 3.3; though the experiment should
be repeated while ensuring that the entire sample plane is close to perpendicular to the
beam line to verify this. Even in Figure 3.20(b), the bottom left corner of the square is
not precisely a 90° angle; this is likely a result of a slight inhomogeneity at the DMD
surface at the pi-shaper output. Figure 3.21 compares interferometrically measured
(Zescope optical profiling system) depth profiles of the gelatin master and PDMS cast.

The flatness of the depth profiles of squares ablated in gelatin in Figure 3.21(a), as
well as the lack of debris in Figure 3.20(b), suggests that ablation occurred through the
entire depth of an 80nm thick gelatin film, exposing the silica beneath, which was not
damaged at the used fluence. The 80nm high pillars in Figure 3.21(b) show that fea-
tures in the cast have faithfully reproduced those of the master, and in fact no damage
to the gelatin master was observed post-casting. A major disadvantage of using gelatin
as a master material was its thermal stability — gelatin melts above 35°C, and so the
PDMS cast was left to cure at room temperature for two days on the master. Using
agar gel, a common substitute for gelatin, which is thermally stable up to 80°C, may
allow for faster curing in future.

Though no damage was observed in the gelatin master after a single cast, it could not
be expected to remain stable during long-term storage, and the time requirement for
curing was excessive. Electroless nickel and silica glass were then tested as master mate-
rials. A depth profile for PDMS cast from a square hole-patterned region of electroless
nickel is shown in Figure 3.22, while the depth profiles in both glass and PDMS cast
from glass are shown in Figure 3.23.

The pillar heights achieved by casting electroless nickel are ~40nm, corresponding well
to typical depths expected per pulse in metals. Greater depth was achieved in glass, at
~200nm, and was reproduced in the PDMS cast, however the depth profile was not uni-
form across each square region. This is likely a consequence of the multiphoton effects
necessary to machine glass with 800nm femtosecond pulses; any small inhomogeneity
in the spatial beam profile will have a larger effect on final machining uniformity than
in materials which ablate under single-photon absorption.

The inhomogeneity in the depth profiles seen in Figure 3.23 may be reduced by simple
beam realignment in future experiments — however advice from Oreffo’s group was that
some surface roughness may be beneficial to cell adhesion. Provided the same depth
profile can be reliably reproduced, a ‘flat top’ is then not a priority, and was further
reason not to investigate gelatin masters (which had achieved the most uniform depth
profiles) in greater depth.
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(a) Depth profile of gelatin master

(b) Depth profile of PDMS cast

Figure 3.21: Interferometrically measured depth profiles of gelatin master and PDMS
cast.

After repeated castings, a build up of PDMS debris was evident on both the electroless
nickel and silica masters. Ultrasonic baths in acetone and isopropanol (standard clean-
ing procedures used for substrates throughout this thesis) appeared to have little effect
in the removal of this debris. A suitable removal method must be found for the con-
tinued re-use of masters; the swelling, dissolution and debonding from glass of PDMS
by various solvents has been investigated by others [90]. Any chosen solvent must be

either nontoxic or itself reliably removed via cleaning procedures.
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Figure 3.22: Interferometrically measured depth profile of a PDMS cast taken from a
square hole-patterned region of electroless nickel

Cell growth viability has been tested on unpatterned PDMS, and compared to growth
on tricalcium phosphate enriched polymer (a standard growth assay material). Optical
microscope images of fluorescent-dyed cells are shown in Figure 3.24.

Though cell density is lower on the PDMS substrate in Figure 3.24 (Vitali Goriainov,
who performed the cell cultures, asserts this, though numerical values were not pro-
vided), it is clearly still a viable growth medium. Work will soon begin on trialling
cell growth on patterned PDMS assays, before moving onto systematic variation of the
structures to characterise cell behaviours in response to different topographies.

DMD image projection-based rapid manufacturing is capable of producing square-
centimetre scale samples in a matter of hours (or minutes, at full hardware specifi-
cations), with surface modifications of custom patterns at few micron resolutions. This
makes it a promising technology to explore the parameter space required to fully under-
stand surface-topography controlled stem cell differentiation, and would even feasibly
be used for industrial scale patterning of clinical implants in future.

3.5 Discussion

Image projection-based subtractive patterning has been used to machine features with
dimensions as small as ~1um, over areas on the lcm? scale. The use of a DMD as a
dynamic intensity mask in conjunction with sample translation has allowed for distinct,
and potentially unique features to be ablated in close proximity, to build up complex
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(a) Depth profile of silica glass master

(b) Depth profile of PDMS cast

Figure 3.23: Interferometrically measured depth profiles of silica glass master and
PDMS cast.

final structures. The high intensities available with femtosecond pulses have allowed
materials typically difficult to machine (e.g. diamond), or those ordinarily transparent
at the used wavelength (glass, gelatin) to be patterned.

The method has allowed for diffractive structures visible to the naked eye to be gener-
ated, and is being used for the rapid production of custom-designed cell growth assays.
Patterning fidelity has been limited not only by diffraction, but by sample position
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(a) Cell culture on tricalcium phos- (b) Cell culture on blank PDMS cast
phate enriched polymer after 21 days’ from silica glass after 21 days’ growth
growth

Figure 3.24: A comparison of cell growth after 21 days observed via green fluorescence

of cells under an optical microscope on different growth media. Cell culture performed

and imaged by Vitali Goriainov, of Professor Oreffo’s group. While tricalcium phosphate

enriched polymer is a standard cell growth substrate, this demonstrates that ordinary
PDMS is also viable.

relative to the imaging position during translation. Future work will focus on account-
ing for expected diffractive aberrations through an adaptive optics approach, and on
image-recognition techniques to better maintain focus at intended regions of the sample.

While the structures shown in this chapter have comprised tens of thousands of individ-
ually patterned features, precise stitching of these features has remained elusive. Even
in a point-by-point approach, where translation of the sample was halted at the point of
exposure to a pulse, it was not possible to align the edges of patterned features satisfac-
torily. Image recognition and an adaptive optics approach will be shown in Chapter 6
which may allow for the production of contiguous structures produced in many pulses.
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Chapter 4

Additive Patterning

4.1 Introduction

In contrast to subtractive patterning, where targeted material remowval results in a de-
sired final structure, ‘additive patterning’ is the targeted deposition of material onto a
supporting substrate. The field encompasses a wide range of techniques, including those
associated with well-publicized ‘3D printers’ such as filament extrusion, laser sintering,
and layer-by-layer photo-curing [91], as well as those still largely confined to research,
such as ion beam deposition [92]. The increase of diversity of micron-scale electronic,
photonic and microfluidic devices has pushed the development of laser-assisted direct-
write additive patterning technologies [93, 94|. Laser-induced forward transfer (LIFT)
and laser-induced backward transfer (LIBT) are two closely related additive patterning
techniques which were studied in this work.

In this chapter, LIFT and LIBT of complex shapes in the solid phase are demonstrated
for the first time. The transferred material is either PMMA, in this case of LIFT, or SU-
8 in the case of LIBT. In both cases, deposit thicknesses are on the order of 1um, total
lateral deposit dimensions are between 10—100um, with individual sizes on the order
of 10pgm. The dynamics of the LIBT transfer process have also been characterised,
and a nano-imprinting technique has yielded lateral features on deposits as small as
140nm wide. These results demonstrate an improved versatility in the LIFT and LIBT
techniques as a result of this PhD.

4.1.1 LIFT

LIFT was first demonstrated by Levene et al. in 1970 as a laser-based printing process to
transfer black ink from a Mylar substrate [95]. The technique went largely undeveloped
until rediscovery by Bohandy et al. in 1986 [96] as a direct-write method of additive
manufacturing of metal features. A pulsed laser is used to transfer solid or liquid (or
intermediate materials, such as pastes) donor materials from a carrier substrate to a
receiver substrate, as in Figure 4.1. The group has previously investigated the LIFT of
metals where the donor material undergoes a melt-phase during transfer [97], however
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all laser-induced transfer (LIT) methods shown in this thesis aimed to retain the phase
of the donor material throughout transfer.

(a) Pulse absorbed by DRL or a thin
layer of donor material

(b) Flyer is deposited on receiver

Figure 4.1: The LIFT process. The DRL and compliant layer are optional additions,
depending on process requirements.

The laser pulse is focused (or imaged) at the interface between donor and carrier, such
that a small volume of the donor at the interface absorbs a high proportion of the
pulse energy and undergoes an explosive phase transformation, propelling the remain-
ing donor material towards the receiver substrate. The LIFT process can be aided by
the use of a dynamic release layer (DRL) [98] — a sacrificial substrate between carrier
and donor which more readily absorbs the wavelength of choice; this leads to a more
confined absorption of pulse energy and hence a lower fluence required for the explo-
sive phase change for flyer propulsion, as well as less structural damage to the donor
itself — making it possible to transfer transparent materials, or even living cells [99, 100].

A common choice for DRLs within the group are metals with shallow skin depths at
the chosen wavelength (e.g. ~15nm for gold at 800nm), or sputtered amorphous carbon
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layers of ~50nm — though there have been improved results using specialised polymer
DRLs [101, 102]. LIFT can be performed with a few micron gap between donor and
receiver, such that the propelled donor material is transported ballistically as a flyer
[103] before impacting and adhering to the receiver, or with the donor placed with min-
imal separation from the receiver, for contact-LIFT. Due to the high speed of the flyer
(shadowgraph measurements have shown speeds varying from 34ms~" [103] to ~2kms ™"
[104], where flyer velocities with and without DRLs have been recorded at similar values
[105]) and subsequent rapid deceleration when it collides with the receiver substrate,
the flyer can experience significant forces that can result in damage. A compliant layer
may also be present on the receiver — an extra layer of some soft material, such as poly-
dimethylsiloxane (PDMS), of a few micron thickness; this reduces deceleration forces
and hence reduces damage risk to the flyer.

LIFT is advantageous for manufacturing as the preparation conditions for donor and
receiver are independent — by preserving the phase of the donor, it allows for the addi-
tion of structures on substrates which would be difficult with other techniques due to
lattice mismatch [106], deposition temperatures or chemical interaction during growth
etc. Multilayer donor materials have allowed the production of complex structures via
LIFT, including metamaterials [107, 108| and light-emitting diodes [109, 110].

Most frequently, donor thicknesses of a few hundred nm to a few pum are used, though
this depends on material properties of the chosen donor. Lateral dimensions of the flyer
range from tens of nm [111] to a few mm [112]. Pulsed lasers, usually ranging from
nanosecond to femtosecond pulse lengths, can be used for LIFT, with typical energy
densities of a few tens of mJ to > 1J/cm?.

Until recently, the majority of LIFT research has used focused or imaged laser pulses
that had a Gaussian or ‘top-hat’ spatial intensity profile, with circular or rectangular
beam-shaping (with extension to ‘smart beam shaping’ [113], or the use of custom
masks [110]). Whilst individual deposits can be overlapped [97], this approach cannot
be easily extended to produce less simple 2D structures. In order to build up more
complex structures, the use of a variable illumination mask (or spatial light modulator,
such as a DMD), has been explored by others for the shaped transfer of metallic inks
[29, 114], though these inks require post-processing to solidify the final deposit. In this
chapter, the first known instance of shaped transfer of solid polymeric material using a
DMD is shown, which requires no post-transfer processing.

4.1.2 LIBT

LIBT follows a similar experimental procedure to LIFT in order to transfer material
from a carrier to a receiver substrate, albeit with the flyer propagation direction being
opposite to that of the incident laser pulse (i.e. ‘backward’), as in Figure 4.2. The
altered geometry leads to a combination of advantages and disadvantages as compared
to LIFT. While LIBT and LIFT were reported simultaneously [95], research has largely
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focused on LIFT since. LIBT has been used for the transfer of metal nanodroplets on
the ~500nm scale [115], oxides [116], and liquids [117], among other materials, and is
closely related to a host of processes aimed at removal of a surface layer from a substrate,
such as laser scribing, laser cleaning, or laser lift-off [118].

(a) Pulse absorbed by a thin layer of
pre-structured carrier material

(b) Structured flyer is deposited on re-
ceiver

Figure 4.2: The LIBT process, with a pre-structured carrier.

As can be seen from Figure 4.2(a), for successful LIBT the absorption in the carrier (or
at a DRL at the interface between carrier and donor, omitted in the figure) must be
high compared to that in both the receiver and donor. While the carrier material is not
usually of consequence to a final LIT-produced device, this transparency requirement
of the receiver in LIBT is a limiting disadvantage. The difference between LIFT and
LIBT is not only in the choice of materials and the direction of transfer, but in the
form of absorbing material and its configuration with respect to the donor. Consider
the ‘pre-machined’ features of the carrier in Figure 4.2; a final deposit’s top surface can
be patterned as a result of patterning of the carrier. In order to use such a patterned
carrier for LIFT (with material vaporisation as the propelling mechanism [119]), either
the back surface of the donor (top surface of the deposit) would necessarily be damaged
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to propel a flyer, or a DRL layer would have to be applied to the carrier, which would
require careful deposition in order to avoid ‘filling in’ the pre-machined features. An
absorbing carrier and transparent donor combination however, as required in LIBT and
impossible in LIFT, allows for straightforward faithful imprinting of the deposit. Va-
porisation (or rapid thermal expansion) of the carrier acting as a propellant for the flyer
leaves imprinted features on the deposit largely intact. This chapter will present de-
posits obtained with LIBT which are laterally shaped via DMD-shaped incident pulses,
or whose surfaces and imprinted with nanoscale features using pre-machined carriers.

Studies have shown that thermal expansion might be a leading mechanism when using
ultrashort laser pulses at fluences too low to achieve vaporisation [120-122] for LIFT,
and it is expected that shocks from thermal stress will play a role in the release of flyers
during LIBT also. If the thermally induced stress shocks are great enough to release
and propel a flyer, while not damaging the carrier substrate, it may be possible to reuse
pre-machined carrier substrates — FIB machined, high resolution carriers could be used
to produce nano-imprinted deposits many times, greatly reducing the production time
of deposits with nanoscale features. Such thermal-expansion driven transfer may be
possible with an absorbing donor in LIFT, a current focus of ongoing research is the
modelling of this mode of transfer in LIBT. Though incomplete, simulations suggest
that thermal-expansion driven LIBT should be possible without damage to the carrier,
though results are too premature for publication at this stage.

4.2 Experimental results

DMD image projection-based laser manufacturing has been used for the targeted depo-
sition of material via the LIFT and LIBT methods, with the lateral shape of deposits
defined primarily by the displayed mask on the DMD during pulse exposure. Addition-
ally, pre-shaped carrier surfaces have been used for the nano-imprinting of flyer surfaces
in the LIBT configuration, and the dynamics of flyer velocity have been studied via
shadowgraphy.

4.2.1 LIFT

In this section the application of DMDs to LIFT is shown. The submitted paper in Ap-
pendix A, “Dynamic spatial pulse shaping via a digital micromirror device for patterned
laser-induced forward transfer of solid polymer films”, details much of the work under-
taken. While beam-shaping has been used previously for LIFT [112, 113], and DMDs
have been used for the shaped LIFT of pastes [29], this is the first demonstration to our
knowledge of the LIFT of solid material with varying-complexity shapes. Additional
details to those submitted for publishing in the experimental procedure follow below.

Crystalline materials were trialled for shaped LIFT before the poly(methyl methacry-
late) (PMMA) used in the paper. Initially, BioTes was chosen as the donor material due
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to the LIFTing of a ‘C’ shape in [123], an achievement made before the commencement
of the work in this thesis by another member of the group, despite imperfect mapping
from the intended image to final deposit and little repeatability. Ordinary silica mi-
croscope slides were used as both carrier and receiver. No DRL nor compliant receiver
layer were used, resulting in only highly fractured material being deposited both in the
contact LIFT regime or with a 3um mylar spacer. The material was observed to remain
more confined in contact-LIFT, in addition to previous work showing unpredictable ro-
tations during transfer even for rotationally symmetric flyers [103], leading to future
experiments always being performed via contact-LIFT. 700nm thick multicrystalline
silicon with a ~=50nm carbon DRL and 10um PDMS compliant receiver yielded the de-
posits shown in the optical microscope images shown in Figure 4.3. The intended shapes
for this subset of results were the letters W—Y (with the whole alphabet being tested
with similar results). While the deposited letters are recognisable, they were shattered,
a problem which is as yet unsolved for shaped LIFT of crystalline donors — as only a
small volume of a LIFTed flyer is vaporised, and the remaining volume does not undergo
a phase transition, LIFT would appear to be capable of producing crystalline deposits.
However, the stresses involved in release and impact appear to be too great for silicon
deposits to remain in a single piece. Similarly shattered deposits were obtained when
testing 500nm and 150nm thick donor layers of BisTes, as well as 150nm thick GeSbTe.

Figure 4.3: Shaped Si deposits LIFTed in single pulses at a fluence of 0.3J/cm? in the
left-most column and decreasing in steps of 12.5m.J/em? to the right.

Following the work of [98] and [113], the donor material was switched to one which
could withstand some deformation, as well as adding a compliant receiver layer to
reduce forces during deceleration. Poly(methyl methacrylate) (PMMA) was chosen as
the donor, and PDMS as the compliant receiver. The PDMS was spin-coated at 5000rpm
for 1 minute, yielding a final thickness of ~10um, while the PMMA was similarly spin
coated on silica glass for a ~1.3um thick donor layer. While the compliant receiver
here was used primarily to preserve the integrity of the flyer, PDMS-coated substrates
are widely used in microfluidics, contact-lithography and MEMS devices [124-128], and
polymer-coated receivers have been used in the manufacture of electronic devices [109].
As PMMA is transparent at 800nm, a DRL was required. 80nm Al and 30nm Au DRLs
were tested, before being supplanted by a 50nm carbon layer. Figure 4.4 shows results
when using a gold DRL on the DLP3000 line with a 50x objective. While 4.4(c) shows
that rounded shapes, such as the letter ‘D’, undergo a recognisable mapping from the
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displayed DMD mask to final deposit shape, 4.4(d) shows that more indented shapes,
such as ‘T’ suffer from curling and/or tearing as they leave the donor and travel to the
receiver. Nanodroplets of DRL are also evident across the LIFTed samples.

(a) “D” displayed on the DMD (b) “T” displayed on the DMD

(c) “D” LIFTed in PMMA onto PDMS (d) “T” LIFTed in PMMA onto PDMS

Figure 4.4: A comparison of shapes displayed on the DMD and those LIFTed intact

to the receiver using a 30nm Au DRL and 50x objective. (c) and (d) show transferred

gold droplets spattered across the sample. These results for this preparation of samples
was typical for energy densities between 0.2 and 0.3.J/cm?.

Similar results to those achieved in Figure 4.4 were found using the 50x objective
and a 50nm carbon DRL, with the added advantage of no obvious deposition of DRL
material. However, fine detail in the LIFTed shapes was still a problem; a combination
of optical filtering and material response meant that the final deposits were not an
exact mapping of the displayed DMD mask, similarly to the generation of features
described in section 5.1, in this case line widths in the final deposits being broader
than a perfectly minified mapping of the DMD mask. A 20x objective was used in the
hope of achieving a more accurate mapping of intended images at the cost of minimum
feature size. This procedure was successful in producing highly repeatable, complex
solid LIFTed structures with no obvious transfer of carbon DRL, which was presumably
vaporised and proceeded to dissipate in gaseous species or was deposited too finely for
the SEM to reveal. SEM images of individual deposited structures are shown in Figure
4.5, with insets displaying the DMD patterns as loaded (and hence the intended spatial
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intensity profile) when the laser pulse was incident on the DMD surface. Figure 4.5
shows a comparison of the deposited structures using (a—d) a 50x objective and fluence
of 300mJ/cm?, and (e-h) a 20x objective and fluence of 270mJ/cm?.

Figure 4.5: SEM images of 1.3um thick polymer structures deposited via LIFT onto

PDMS-coated glass slides, with the inset images showing the bitmap displayed on the

DMD during exposure, for (a—d) a fluence of 300mJ/cm? using a 50x objective and a

30nm Au DRL and (e-h) a fluence of 270mJ/cm? and a 20x objective with a 50nm

carbon DRL. Note the different scale bars on the figures. As will be seen in Figure 4.6,

a wide range of fluences lead to successful LIFT transfer for this material, with little
observable difference in deposit shape.

For the 50x objective, the size scales in the letter ‘B’ and ‘S’ appear to be at the
limit of recognisable mapping from the displayed DMD mask to the deposit, which is
LIFTed 1.3um thick PMMA. For the 20x objective, the size scales were larger and
both the letter ‘B’ and ‘S’ were reproduced accurately. While many letters were re-
produced successfully using the 20x objective, with maximum lateral dimensions of
~70um, the quality of some, such as ‘S’, remained low until they were produced at
lateral dimensions of ~100um (note the smaller scale bar in Figure 4.5 (h)). At this
size, the entire alphabet was deposited accurately. In general, for successful LIFT, the
region on the donor that is illuminated by the laser pulse must break free from the
surrounding donor material, via the explosive phase transformation caused by absorp-
tion of the incident laser pulse. There is therefore a limit to the minimum width of
a feature that can be successfully removed from the donor via the LIFT process, and
is a value determined predominantly by the material properties and dimensions of the
donor, and the presence of a DRL. This was an evident concern in the LIFT of solid
donor material when compared to the LIFT of pastes by Piqué et al. [29], which could
much more easily break free from the surrounding donor material. This limit is ob-
served in Figure 4.5, where the features in (a-d) are too small to be removed in the
same shape as the projected intensity pattern, whilst the features in (e-h) are almost
perfectly replicated. Evidently in (a—d), the deposits’ minimum feature sizes are larger
than they would have been, had the deposit been a perfectly minified version of the
projected intensity patterns (also shown as the insets). In order to test the adhesion
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of the deposits to the carrier, a sample was left in a sonication bath filled with dis-
tilled water for 30 minutes (a common adhesion test in the literature for LIFT [129]),
and out of a total of approximately 300 deposits, all of the structures remained in place.

Figure 4.6 demonstrates the effect of a variation in pulse energy on the deposited poly-
mer structures, over a 25% range in laser fluences, with values reducing from 300mJ /cm?
(left) to 235mJ /cm? (right) in steps of 17mJ/cm?, for a series of letters. The shapes ap-
pear to be deposited similarly across this range. Successful deposition of shaped polymer
structures was also achieved outside this range. In general, fluences from 200m.J/cm?
to 380mJ/cm? were found to yield high-fidelity deposits for all letters (and arrays of
squares, as in Figure 4.7), hence demonstrating robustness to energy fluctuations and
reproducibility across an extremely wide variability of shapes. As each deposit only
requires a single laser pulse, large areas of sample coverage can be achieved via rapidly
LIFT-printing multiple deposits by taking advantage of the high refresh rate of the
DMD (hence allowing each laser pulse to be used to deposit a different shape) when
using a high-repetition rate laser.

Figure 4.6: SEM image of an array of different shaped polymer deposits using a 50
nm thick carbon DRL and 20x objective, for a range of laser fluences reducing from
300mJ/cm? to 235mJ/cm?. The insets show the projected intensity profiles.

In order to show another facet of the applicability of a DMD as a variable illumination
mask for LIFT, multiple unconnected structures were deposited simultaneously using
a single pulse. This approach is demonstrated in Figure 4.7, where SEM images show
a two by two array of square deposits, for two different projected intensity patterns,
namely (a) confined and (b) sparse, for the same conditions as in Figure 4.6, save for
the use of different fluences. In solid-phase LIFT of PMMA, additional donor material
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around the edge of the intended flyer can be ejected as the flyer shears free from the
donor. In Figure 4.7 (a), the minimal separation between squares is reflected in the
lower quality of the deposited structure, where additional and unintended donor mate-
rial was ejected from the donor, resulting in the square deposits being larger than the
corresponding intensity profile on the donor, which is shown in Figure 4.7 as dashed
yellow lines.

Figure 4.7: SEM images of arrays of two by two squares that were deposited simulta-

neously via the LIFT technique, with squares of different sizes and separations displayed

on the DMD. Donor, receiver, objective and DRL are as in Figure 4.6. Produced at

fluences (a) 250mJ/cm? and (b) 270mJ/cm?. The inset shows the projected intensity

pattern, where the correctly scaled outside edges of the pattern are also displayed as
yellow dashed lines.

In agreement with results found in [130, 131], the smaller squares in Figure 4.7 (b)
required a higher fluence than those in (a), to achieve transfer. An intended intensity
pattern with finer features will usually contain a higher proportion of high spatial fre-
quencies, some of which may be above the diffraction limit of a system, or be more
prone to loss at any point of aperturing, for example the entrance to the microscope
objective lens. This would have led to a greater ‘blurring’ of intensity at the edges of
the squares in Figure 4.7(b), and potentially altered the LIBT threshold. However, the
interfaces at which release occurs will also affect the transfer mechanism. For any LIFT
transfer, energy will be required to shear the perimeter of the flyer, to release at the
interface between carrier and donor, and to propel the flyer forward. Of these energy
costs, it is important to compare that of shearing at the perimeter to releasing at the
interface. As the region of contact at the interface is exactly the single-side surface
area of the flyer itself, one would expect this release energy to scale linearly with area,
and so would have no effect on the required fluence (energy per unit area). The energy
required to shear at the perimeter will increase linearly with perimeter length, which
will depend on the particular geometry of the flyer, but typically will increase with flyer
area. However, the ratio of perimeter length to area increases as flyer area decreases,
meaning that for smaller flyers a greater proportion of incident energy is required to
shear at the perimeter. In order to account for the constant fluence needed to release at
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the interface, and an increased share of total incident energy to shear at the perimeter,
smaller flyers require higher fluences to transfer.

4.2.2 LIBT

During an experiment which aimed to characterise the limits of ablation of silicon on
existing silicon waveguides, deposits such as those shown in Figure 4.8 were observed on
the sample. Rather than being vaporised in the ablation process, well-defined shapes
corresponding to the displayed DMD intensity masks appeared to ‘peel away’ from the
silicon substrate. Contrary to the ordinary LIFT mechanism, which must occur in a
single pulse for an explosive phase change of DRL/donor material at the donor/carrier
interface, multiple shots were required to cause this effect. The letter “Y” in Figure 4.8
was achieved in ten shots at a fluence of 0.32.J/cm?.

Figure 4.8: A ‘LIBTed’ letter ‘Y’ peeling away from the silicon substrate.

It was later determined that the waveguides, which were not prepared by members of
the group, had likely been coated in PMMA. The deposits were not visible after an ace-
tone wash, which would not have removed the deposits if they had been either silica or
silicon, the expected constituent materials of the waveguides. As the absorption depth
of silicon is known from the literature to be between 5-10um at 800nm, it had not
previously been considered probable as a candidate for the required pulse-absorption
in LIT, either as DRL in LIFT or in this case absorbing as a carrier. Though two-
photon absorption may have allowed silicon LIFT without a DRL, typically we focused
on shallow skin-depth materials for absorption to maximise energy confinement in the
sacrificial layer of either flyer or DRL.
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The results in the remainder of this section were produced primarily by another member
of the group, Matthias Feinauegle, and has contributed to a published work [132]. A
few additional results to those given in the paper will also be shown.

S1813 and SU-8 photoresists were chosen as donor material, spin coated on carrier
substrates and cured on a hotplate at 110°C for 5 minutes. Both of these resists are
commonly used in lithography, and as solid polymers displayed similar material prop-
erties to PMMA which were necessary for successful LIFT in section 4.2.1. The car-
riers were either polished monocrystalline silicon wafers or silicon-on-insulator chips,
the latter being patterned with grating structures and slot/rib waveguides and layer
thicknesses from top to bottom of ~400nm silicon, ~2um silicon dioxide and ~600pm
silicon. Fabrication of structures on the silicon-on-insulator chips was performed outside
of the group via e-beam lithography and inductively coupled plasma etching. Donor
thicknesses ranged between 1.4-2.25um, and flyers were typically 20-50um in lateral
dimensions. Donor and receiver were in contact during transfer, and the receiver was
either glass, ~10um thick PDMS on glass, or a free-standing PDMS layer obtained by
peeling the PDMS layer post-curing from a glass substrate. Only simple shapes, such
as squares and circles, were found to transfer successfully onto a glass receiver — more
complex patterns shattering even at threshold fluence. Figure 4.9 shows a range of
successfully transferred shaped S1813 photoresist deposits onto a PDMS-coated glass
receiver at ~500mJ/cm? from a silicon wafer carrier which had no pre-machined struc-
tures, i.e. there was no imprinting of the deposit by the carrier surface. Similar deposits
to those shown in Figure 4.9 were obtained with 1.5um thick SU-8 at a transfer thresh-
old of ~370mJ/cm?

Figure 4.9: SEM images of ~1.4um thick S1813 shaped LIBT deposits on PDMS-coated
glass at fluences of (a) ~475mJ/cm? and (b-d) ~510mJ/cm?. Note the scale bar in each
case is 10pm.
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Figure 4.10 shows the results of the imprinting technique described in Figure 4.2. Donor
material conformed to surface structures in a silicon-on-insulator waveguide during spin-
coating, and retained these features after LIBT.

(a) SEM image of an SU-8 deposit imprinted (b) SEM image taken at 45° tilt of a rib waveg-
with a grating structure, inset showing a uide imprinted into an S1813 deposit

higher magnification. The grating period was

~900nm, with ~200nm depth.

Figure 4.10: Imprinted LIBT deposits from a silicon-on-insulator waveguide. Both (a)
and (b) transferred at ~475mJ/cm? onto PDMS-coated glass receivers.

Figure 4.11 shows the limit of structured carrier imprinting achieved with the technique.
A slot waveguide structure (two raised regions around a central trench) translated into
an imprint of a rib (two sunken regions around a central raised line) on an S1813 LIBT
deposit.

Figure 4.11: SEM images of (a) a slot waveguide used for as a pre-patterned carrier
and (b) an S1813 LIBT deposited at a fluence of ~475mJ/cm?. The central vertical rib
in (a) was ~140nm wide and ~220nm high.

As a first test of determining the release mechanism at the threshold of LIBT, the
donor/carrier substrate was also examined under SEM at regions where donor material
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had been released. Figure 4.12 displays one such region, where a central circle of donor
material has been removed, revealing the underlying carrier substrate. An arrow indi-
cates the path scanned by a stylus profilometer. While the SEM image in Figure 4.12(a)
appears to show an undamaged carrier region exposed, the profilometer shows that there
are surface corrugations on the order of a few nm towards the centre of the circle, and
greater modulations on the order of 20nm depth towards the edge of the exposed region.

(a) SEM image of the donor/carrier substrate (b) Stylus profilometer depth measurements
where a circular flyer has been released across the radius of the circle

Figure 4.12: The donor/carrier substrate after flyer release.

The nanoscale depth modulations apparent on the carrier may in fact be residual donor
material not released with the bulk of the flyer, though this seems unlikely given the
fidelity of the imprints shown in Figures 4.10 and 4.11. Silicon has been found to ablate
under 800nm ~100fs irradiation at ~300mJ/cm? with a single shot [133], while multi-
pulse ablation has been found to occur at fluences as low as ~200mJ/cm? (which may
explain the ten-pulse requirement to release material in Figure 4.8. However, the low
damage seen in Figure 4.12(a) merits further investigation into the degree of surface
modification of the carrier by LIBT. If fine structures were found to be intact after a
washing process, fresh donor material could be applied and a single carrier with highly
complex patterning could be used to rapidly produce deposits with nanoscale features.
Future work will focus on determining the mechanism of LIBT at threshold and the
re-usability of carriers.

4.2.3 Shadowgraphy of LIBT

The LIBT deposits seen in section 4.2.2 appeared to suffer from less distortion and
debris than the LIFT deposits in section 4.2.1. Reduced flyer velocity and hence shock
generation have previously been shown to improve the success rate of intact deposits
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via LIFT [134], and so a corresponding study to determine the dynamics of LIBT is
also of interest.

The results in this section have featured in work to be published in Applied Surface
Science, ‘Time-resolved imaging of flyer dynamics for femtosecond laser-induced back-
ward transfer of solid polymer thin films’ [135], and were generated mainly by the lead
author of the paper; contributions from the author of this thesis were in the form of
assistance with data analysis and sample design.

A time-resolved shadowgraphy setup was used to image the surface of SU-8 donor lay-
ers of either 3.8um or 6.4um thickness (referred to as ‘thin’ or ‘thick’ respectively)
during LIBT from either silicon or germanium carriers, with a variation in this thick-
ness within +100nm, measured by stylus profiler. The silicon carriers were between
300-600um thick, while the germanium carriers consisted of a 3um layer grown on one
of the 300-600um thick Si substrates. The experimental setup used was similar to the
DLP3000 line, with additional elements enabling shadowgraphy being a signal genera-
tor, white light spark discharge flash lamp (Nanolite KL-K, HSPS), a pair of objectives
L1 and L2 to focus the flash lamp output at the donor target position, and a CCD
camera with either a 100x or 20x objective lens positioned to record the images (or
shadowgraphs) of the LIBT flyers. The setup is shown in Figure 4.13.

Figure 4.13: Shadowgraphy experimental setup. Laser pulses are homogenised via a

pi-shaper and shaped into a circular lateral intensity distribution via DMD, then imaged

at a LIBT donor. A computer triggers the laser pulses as well as a flash lamp and CCD
to take 8ns snapshots of the process.

The flash lamp discharge was of duration 8ns, and corresponded to the exposure time
of the shadowgraph recorded on the CCD camera (scA1400-17 fm, 1.4 Mpx, Basler
AG), which was active for 20ms. Both flash lamp and CCD were activated by a signal
generator, which was triggered via computer at the same time as a laser pulse. The
minimum delay between triggering the signal generator and actuation of the flash lamp
was 1.4us. A continuous white light source was used for real-time viewing of the sam-
ple on the CMOS camera for positioning before shadowgraphs were recorded. The 20x
and 100x objectives were used when either a larger field of view, or higher resolution
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were desired, respectively. These objectives paired with the CCD camera provided ei-
ther 420nm/pixel resolution with 400um field of view in the direction of the flyer, or
90nm /pixel resolution and 120um field of view images (though of course diffraction
would limit the resolution of images incident on the CCD to 1pum with the 20x and
727nm with the 100x, as in Chapter 5). Figure 4.14 shows a more detailed schematic of
the setup around a sample at the time of imaging in (a), while (b) shows a shadowgraph
of a flyer taken, detailing the different parts of the sample visible.

Figure 4.14: The setup during LIBT. (a) Schematic of a LIBT event being imaged via
shadowgraphy and (b) a shadowgraphy image recorded on the CCD, a flyer is captured
after ejection from the donor, craters where flyers have been removed are visible.

In order to capture near-side-on views of the LIBT process, it was optimal to target
donor positions near the edges of samples. As spin-coating, which was used to produce
the SU-8 donor layers, can produce a thick ‘bead’ of material at the perimeter of an
underlying substrate, samples were cleaved in the centre so that regions of the intended,
near-uniform thicknesses of donor could be positioned near to the objective-CCD imag-
ing plane. Figure 4.15 shows a sequence of shadowgraphs taken of different flyers from
the same 6.4pum SU-8 on silicon sample at different time delays. All flyers were produced
in this example with a fluence of 1.39J/cm?.

Figure 4.15: A sequence of different flyers taken at time delays between t=1.4us and

9.4us after femtosecond pulse exposure. The sample was 6.4pm SU-8 on silicon, and the

100x objective was used with the CCD. The scale bar was determined via the placement
of a grating structure of known period at the image plane.

The bright spot seen in Figure 4.15 (a-f) is an image of the spark-gap illumination from
the flash lamp, and a reflection of this can be seen in the side-wall of the craters at the

76



bottom of each image. Despite a near-top hat circular intensity profile being used to
produce LIBT, the flyers emerge with a ‘saucer’ shape — a widening taper towards the
top-side of the flyer from a smaller circular base. The base width corresponds to the
~20pum wide circular imaged intensity pattern. While a slight widening taper can be
seen in previous LIBT and LIFT deposits, it has not been clear whether this taper was
a result of the impact of flyer on receiver, or produced during release from the donor
as demonstrated here. The breadth of the tapered rim is on the order of 1/2 the width
of the intended flyer width, which is large compared to previous results. This may be
a result of the material, size, shape or propulsion mechanism of LIBT (a slower release
would allow for shear-shock waves to travel laterally further during release, leading to
a broader rim for example), but has not been studied further here.

The threshold fluences for silicon were 0.80J/cm? and 1.35J/cm? for thin and thick
donors respectively, while for thin and thick germanium carriers yielded threshold flu-
ences of 0.55J/cm? and 0.60J/cm? respectively. The difference in threshold fluences
between thin and thick donor layers is much greater for silicon than germanium, which
may be the result of a number of factors. Adhesion of SU-8 to the carrier material,
carrier thermal expansion, carrier ablation threshold and carrier absorption depth are
all likely factors to be considered in future study. The propulsion mechanism itself may
be different between the two carriers; with a shorter absorption depth for germanium
than silicon at 800nm, it is possible that energy is deposited over a greater depth in sil-
icon which leads to thermal expansion being the dominant mechanism for LIBT, while
a shorter energy deposition distance in germanium may lead to vaporisation being the
dominant mechanism. Thermal expansion would increase approximately linearly with
fluence, leading to a large fluence increase requirement for a thicker donor layer. At va-
porisation threshold fluence, the phase change of the carrier leads to a near-step change
in confined pressure, which may be sufficient to eject a range of donor thicknesses; only
a small increase in fluence may then be required to eject the thick donor as compared
to thin donor layer. However, this remains conjecture to form the basis of future study.

Figure 4.16 shows the distance travelled by flyers from various carrier /thickness com-
binations at different fluence as a function of imaging delay time. Though LIBT was
performed in air, the distributions appear linear, in agreement with previous results
which found no major influence of surrounding atmosphere on propagation velocity
[104].

While most experiments were carried out at fluences just above threshold, an additional
set of results for the thin donor from a silicon carrier were taken at a fluence 20% above
threshold in order to test for an influence of fluence on velocity. Table 4.1 shows the
average velocities of flyers from the different combinations. Velocity data was extracted
by comparing the position of flyers at each time delay with the minimum delay position,
and dividing by the relative time differences.

Velocity averages in the range 9m/s to 20m/s were observed, with thicker donor mate-
rial yielding lower velocity flyers. While a 20% increase in fluence appeared to lead to
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Figure 4.16: Distances travelled by flyers at different delay times for (a) silicon and (b)
germanium carriers. Each delay/fluence/thickness combination was repeated multiple
times, and the error bars represent the standard deviations in values recorded.

Table 4.1: Velocities of intact flyers from different donor thickness/carrier/fluence com-

binations
Carrier/Donor,(Fluence) | Mean,velocity (m/s)
Si/Thin,SU-8 (0.84 J/cm?) | 18.1£2.1
Si/Thin,SU-8 (1 J/cm?) 19.842.3
Si/Thick,SU-8 9.3£2.8
Ge/Thin,SU-8 13.5+1.5
Ge/Thick,SU-8 9.1+5.4

an increased velocity of the thin SU-8 on silicon flyer, the values were within one stan-
dard deviation of each other. It is of note, however, that the distances travelled at set
delay times of flyers of thin SU-8 from silicon were consistently higher when the higher
fluence was used, suggesting that the time between pulse exposure and flyer release may
decrease with increasing fluence.

In order to further investigate the influence of fluence on flyer velocity, flyer distances
at two set time delays from thick donors on both silicon and germanium were recorded
as a function of fluence. The results are shown in Figure 4.17.
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(a) Germanium

(b) Silicon

Figure 4.17: Distance travelled by the flyer after set times from the two carrier sub-
strates.

From a germanium carrier, only flyers produced at fluences up to 0.9J/cm? remained in
an intact state, while flyers remained intact when using fluences up to 2.3J/cm? from
silicon. More than 90% of flyers were observed to be fragmented when using fluences
above these values, and the additional data points plotted in Figure 4.17 beyond these
fluences are a result of measuring the position of the largest fragment visible in the
shadowgraphs taken. Figure 4.17(a) shows that distance travelled increases monoton-
ically in a near-linear fashion for flyers from a germanium carrier, and the calculated
increase in velocity with respect to fluence was 234+10ms~!/(Jem™2). The behaviour
for flyers released from a silicon carrier is more complex, as seen in Figure 4.17(b). An
initial linear region corresponds to a rate of change of velocity with respect to fluence
of 144+10ms™!/(Jem™2), followed by a decrease in distance travelled before the flyer
breakup threshold. Distance travelled, as well as velocity, begin increasing once more
above this threshold. The reason for the dip may be unrelated to fragmentation, as a
decrease in distance travelled has occurred at the data points immediately prior to the
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threshold, and no such dip was observed from a germanium carrier. Instead, the dip
may be indicative in a change of the dominant mechanism for flyer propulsion; perhaps
from solid carrier thermal expansion to vaporisation. Analysis of the craters left in the
donor layer after transfer lend more information; the diameter of craters as a function
of fluence in thick SU-8 for both Si and Ge are shown in Figure 4.18.

Figure 4.18: Crater diameter for varying fluence from SU-8 on Si and Ge carriers.

Optical microscope images of SU-8 on silicon after LIBT are shown in the inset, where

the scale bar is 25um, and are arrowed to the corresponding fluences at which visible
craters were produced.

A minimum of crater size in SU-8 on silicon for the intensity mask used was found at
near 2.5J /cm?, while no such minimum was found for germanium. Crater size was ex-
pected to remain constant or increase only slightly with increasing fluence when using
an exposure mask. A slight increase may be explained by imperfect imaging at the
edges of exposed regions; as there will be some finite decay distance of intensity at this
boundary, it is only natural to assume that a higher intensity would yield a larger area
over which the transfer threshold is exceeded. However, this would not explain the
local minimum observed. The beam diameter was ~20um, as measured from optical
microscope images of the donor at regions where low fluences were used. The flyer
diameter observed is much greater than this, at > 40u in Figure 4.15. During flyer
release, then, additional donor material, attached to the region immediately above the
exposed area, must also shear free. The local minimum may represent a region where
the volume immediately above the exposed region is propelled with too much force for
the surrounding material to react; the velocity of shear waves in the donor material may
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be too slow for surrounding material to be dragged upwards, instead the material limit
being reached rapidly at the perimeter of the exposed region. This may explain the
dip behaviour seen for silicon carriers in Figure 4.17(b); in the first region of the curve
fluence is increasing and crater diameter is decreasing. A decreasing diameter implies
a lower volume, and hence mass, of SU-8 is being released; a smaller mass undergo-
ing the same propelling force over the same distance will reach a higher velocity. The
propelling force, whether via thermal expansion or vaporisation, will increase with in-
creasing fluence. This leads to the initial increase in velocity with fluence. As the crater
diameter begins to expand past 2.5J/cm?, however, the increasing mass may offset the
increasing propelling force such that lower final velocities are reached. This is in absence
of other possible effects, such as the switch between thermal expansion and vaporisation.

Different failure modes have been observed in polymers as a function of impact velocity
[136], and may provide an explanation for the observed variation in crater diameter.
Slow loading leads to tensile failure (brittle fracture), while fast loading leads to the
dominance of a ductile failure regime in which shear crack growth is more likely. Hence,
at higher fluences the flyer is more likely to shear vertically at the side-walls than taper
outwards. For yet higher fluences, where crater diameter begins to expand, it may be
that shearing is still the dominant mechanism, but enough kinetic energy is provided
to unintended donor material during the shear that an additional ‘rim’ of donor is also
removed; recalling that almost all flyers produced above 2.5J /cm?, where the craters ex-
panded, were fragmented. Figure 4.19 shows the changing profile of the taper for three
fluences between threshold and near to the crater-minima, demonstrating the effect.

Figure 4.19: Shadowgraph images of flyers from a thick SU-8 layer on silicon produced
at fluences of (a) 1.39J/cm?, (b) 1.69J/cm? and (c) 2.05J/cm?. The delay time was
3.4us.

While the exact transfer mechanism of LIBT is not determined from the results in this
section, they provide valuable information salient to the optimisation of the process.
An unexpected change in transfer regime has been discovered to occur, and must be
accounted for in LIBT manufacturing. Transfer velocities have been found to be an
order of magnitude lower than common values for LIFT, and may provide a method for
intact transfer of more delicate structures.
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4.3 Modelling of LIBT

The low damage to the carrier surface shown at the end of section 4.2.2, paired with the
low transfer velocities of flyers released via LIBT, prompted the consideration of alter-
native flyer propulsion mechanisms in LIBT rather than the vaporisation often observed
by the group when performing LIFT. Others have shown that thermal expansion may
be a mechanism of flyer propulsion for LIFT [120] via numerical simulation, while the
confinement of solids during exposure to high energy laser pulses (such as the carrier
confined underneath a donor in LIBT) can prevent explosive decomposition and alter
phase change behaviour [137].

In this section, highly preliminary results from a 3D thermal expansion model are shown
and compared to the flyer behaviour seen in section 4.2.3. Several of the model’s as-
pects must be expanded to account for higher-order effects, such as non-linear absorp-
tion and stress-strain relations, thermally-dependent material properties, and a study
of the model’s output dependency on the resolution and number of grid points used.
The MATLAB code used to define the differential equation describing the carrier/donor
behaviour is given in Appendix B, with a brief description given below. Material prop-
erties of silicon and SU-8 photoresist were used throughout, specified in Appendix B,
with a donor thickness of 3.8 or 6.4um, to reflect experimental results in section 4.2.2.
Though the model was applied briefly to study the LIBT mechanism from a germanium
carrier, germanium’s stronger absorption at 800nm led to far higher initial temperatures
in smaller volumes of the carrier, and ultimately required impractical levels of computer
memory and processing time for the adaptive time-step algorithm used to converge to a
solution. This stronger absorption, paired with no evidence of low carrier surface dam-
age as for silicon, meant that germanium carriers were not the focus of this modelling
effort.

Point masses representing either carrier or donor material are arranged in a cubic lat-
tice, each point connected to the nearest surrounding six points. A single connection
between two point masses is considered as a pair of ‘springs’, capable of transmitting
extensive, compressive and cantilever forces. A volume element containing a point mass
is then defined by the six springs associated with that point mass.

A uniform, square lateral spatial intensity laser pulse undergoes Fresnel reflections at
air/donor and donor/carrier interfaces, then deposits energy throughout the carrier
depth according to the Lambert-Beer law and heats a laterally central region of the
carrier lattice. The temperature change associated with this energy transfer is assumed
instantaneous, and a starting condition of the simulation.

Volume elements in equilibrium which have been heated would naturally undergo ther-
mal expansion; fully thermally expanded lengths for each of the six springs associated
with each point mass are set as ‘rest lengths’, and spring constants are defined from
these using the Young’s moduli of the materials. Tensions across a spring pair between
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point masses are assumed uniform, as any change in force over a finite distance acting
on zero mass would be non-physical — this means that each volume element must have
some instantaneous extension in each direction to equal the tension acting in adjacent
elements. This allows for the calculation of the instantaneous dimensions of each vol-
ume element.

From these dimensions, compressions are calculated, and Poisson compression (the ten-
dency of an object, when compressed in one axis, to expand in the orthogonal axes) is
applied to update the ‘rest length’ in each direction of each volume element. Rest lengths
are updated once more via the same assumptions of uniform tension and subsequent
instantaneous compressions to give a second-order approximation of instantaneous di-
mensions of each volume element.

Tensile and cantilever forces are then calculated from standard formulae. Stresses are
calculated between each volume element. Vertical accelerations were observed to os-
cillate with a period of the round-trip time of a pressure wave across the thickness of
the donor — in order to account for unequal lateral and vertical grain sizes in the mesh,
a weighting factor was applied to cantilever stresses depending on adjacent velocities,
with a maximal increase which would effectively reduce the cantilever length down to
the donor thickness — the maximum distance information of a shear wave could travel
before acceleration reversed.

A simplified von Mises yield criterion is calculated between each volume element, and
any springs with stress exceeding the material yield stress is considered ‘snapped’ for
future time points. In the special case of the interface between donor and carrier, this
yield stress is set as an adhesion strength from the literature [138]. Any snapped springs
no longer transmit cantilever or tensile forces, or heat flow, though compressive forces
may still exist.

The numerical ordinary differential equation solver used was based on the Dormand-
Prince method, with an adaptive time step. The required time step then varied de-
pending upon number of elements, fluence and material constants, but was typically
not below 10™14s. Simulations designed to determine fluence-velocity curves of the flyer
used a total of 1215 volume elements, comprising 10 layers of 9x9 lateral elements to
simulate the carrier, and 5 layers of 9x9 lateral elements to simulate the donor. Though
this is a somewhat coarse granularity for a finite-element model, extending beyond these
values was not practical given the memory requirements of the solution. The range of
the time solution was varied by carrier/donor combination, as flyers were found to re-
lease more rapidly in some cases, however typically flyer release would occur on the tens
of ns timescale; each simulation was set to solve until 500ns to ensure adequate time for
flyer release to occur. Fluences tested were matched to those used experimentally, and
ranged between 0.01 to 3.11J/ cm?. The total depth of the carrier layer was defined to
be 5 times the absorption depth of silicon at a wavelength of 800nm.
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Though the experimental results in section 4.2.2 showed fliers with a circular intensity
profile, the feasible grid size of 9x9 lateral elements to be used in the majority of sim-
ulations meant that a square intensity profile of 3x3 central elements of similar lateral
dimensions would be used. At the end of a 500ns solution, the final arrangement of
point mass velocities and broken springs would be known. A flyer, flyer fragments,
and their velocities were detected by searching for contiguous chunks of points of donor
material originally near to the central donor region, disconnected from the underlying
carrier point masses. The flyer velocity was taken as the average of the point masses
within the largest contiguous disconnected region of donor point masses. The resulting
fluence-velocity curves for the two tested thicknesses of donor material are shown in
Figure 4.20 as solid lines, as well as experimental data points provided after further
data analysis of shadowgraphy results provided by Matthias Feinauegle.
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Figure 4.20: Simulated fluence-velocity curves for 3.8 and 6.4um thick SU-8 donor
flyers ejected from a silicon carrier, as well as experimental data points. Error bars are
the standard deviation of velocities at the given fluences.

Though the magnitude of the resulting simulated curves is approximately a factor of
~5 lower than experimental values, some key features of the experimental distributions
are recerated. Following the trend of experimental points back to their intersection of
the fluence axis, the simulation would appear to provide thresholds for the LIBT at the
correct order of magnitude, between 100mJ/ cm? and 1J / cm?. The simulation correctly
predicts a lower velocity across all fluences for the thicker donor layer, an approximately
linear increase in velocity with intensity up until a ‘dip’ at ~2J /cnr127 and in the case
of the 6.4um thick donor, a levelling out of points beyond this dip. In the case of the
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3.8um thick donor, few experimental points at fluences beyond this dip were available,
as flyers became highly fragmented. Analysis of the 3D array data at the end of each
simulation provided a clue as to the mechanism of the dips in the curves; it was at a
fluence of ~2J/ cm? that flyer fragmentation began, with small chunks of flyer breaking
off at high velocity. If the average velocity of all point masses no longer connected to
the underlying carrier is taken, the linear trend continues for the full extent of velocities
tested; i.e. the total momentum of released mass increases linearly, but small fragments
breaking off of the central flyer with high velocity lead to a reduction of the central flyer

velocity at the onset of fragmentation.

While the model shows some agreement with experimentally recorded data, the number
of assumptions and simplifications made make it unsuitable for publication in its current
state. Methods exploiting the radial symmetry of the circular flyers produced experi-
mentally could reduce memory requirements, for a finger grid resolution, and non-linear
material behaviours must be accounted for. The essential feature of the model — snap-
ping of interconnections between point masses — is far beyond the linear approximation
of stress/strain relations used, and is considered the key element of the method to be
updated in future.

4.4 Conclusion

Laser-induced transfer has been shown to produce solid polymeric deposits on the mi-
croscale in both forward and backward regimes. The phase of the donor material was
preserved throughout transfer, and the first demonstration of the DMD-enabled shaping

of these deposits was made.

It has been shown that donor material may be imprinted with nanoscale features via
a pre-patterned carrier, and that these features are well reproduced in final deposits.
Lateral features as small as 140nm were produced with this method up to a depth of
220nm. LIBT has been observed to occur from regions of carrier substrate which show
little damage; if the carriers prove to be reusable, this may allow for the rapid repro-
duction of nanoscale patterning on LIBT deposits. The applications for the deposition
of microfluidic devices or polymer waveguides on substrates which preclude the use of
other additive manufacturing methods are readily apparent.

The dynamics of LIBT have been studied via shadowgraphy, and show a ‘slow’ propa-
gation speed for flyers compared to previous studied of LIFT (tens of m/s compared to
hundreds or even above 1000m/s). The underlying mechanism of propulsion for LIBT
in this case is yet to be determined; though preliminary modelling work has shown that
thermal expansion may be capable of providing the driving force on the flyer. Stresses
observed during simulation at the perimeter of donor volumes immediately above ex-
posed areas exceeded the ultimate tensile limits of SU-8, in addition to the stresses at
the interface of the carrier and donor exceeding ultimate limits of adhesion strength
between the two materials known from the literature, while thermal expansion in the
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solid phase was the only driving mechanism.

Laser induced transfer has been a developing technique in research for several decades.
The level of deposit shaping fidelity shown in this work may aid the translation of the
technique into the production of more functional, commercial devices, as well as opening
up avenues for further research.
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Chapter 5

Multiple Exposures

An ongoing goal in optics is the reduction of individual feature size, and hence im-
provement of overall patterned resolution, producible via laser machining. The finest
resolution, R, feasible in a single optical projection is given by the well-known Abbé
diffraction limit, R = A/(2NA), where ) is the wavelength used and NA is the numerical
aperture of the imaging system.

Much progress has been achieved by pursuing the use of shorter wavelengths, with 13.5
nm wavelength EUV technologies poised to produce features on the ~10nm scale [139].
Such technologies have necessitated the invention of short wavelength lenses, or even
all-reflective optical systems for EUV lithography, while various image-formation tech-
niques and material improvements have also contributed to the achievement of ever-finer
resolution by optical techniques [140]. EUV lithography is a masking process which em-
ploys a laser-produced plasma (typically tin [141]) to generate the 13.5nm wavelength
light. As all known solids have poor reflectivity at this wavelength, multi-layer mirrors
enabling Bragg reflection are required — 7Tnm thick Mo/Si bilayers for instance. The first
collector optic (either lens or mirror) is exposed to the tin plasma, and hence steps must
be taken to mitigate tin deposition on the collector; magnetic deflection of ions, buffer
gases and in situ tin etching via hydrogen radicals are all potential methods to solve this
concern. Clearly, the level of complexity involved in imaging with shorter wavelengths
increases dramatically, even for such elementary components of a beam line as mirrors.

Other approaches to increase final feature density do not focus on the factors of the
Abbeé diffraction limit. One such class of techniques is double patterning [142—-144], also
often referred to as multiple patterning or, as will be used here, pitch-splitting multiple
exposures (PSME) [144, 145].

While the feature sizes were limited with thin films due to peeling in section 3.2, and
resolution by the diffraction limit in section 3.3, PSME allows for the modification of
material in regions separated by less than the diffraction limit. Figure 5.1 shows the
premise of the technique. In one shot, many points on a sample can be simultaneously
exposed, provided no features within the image have a separation below the diffraction
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limit. A second pulse then exposes features (which may be the same as the first shot, as
in Figure 5.1, or different) at a different position on the sample. All features produced
in this second shot must be separated by at least the diffraction limit, however this is
not a constraint on their separation from previous exposed patterns. The same is true
of producing yet more features with subsequent pulses. As the Abbé diffraction limit
places a limit on the separation between features, but not on the size of the features
themselves, this means that PSME can be used to build up a final structure with peri-
odicity below the diffraction limit.

Figure 5.1: Multiple exposures used to produce sub-diffraction limit spacing between
features, where R\ /2.

As PSME requires multiple intensity masks, there is a requirement for accurate posi-
tioning of a mask image at the sample compared to the positions of previous images
of masks. This concern in PSME, referred to as critical dimension (CD) uniformity is
discussed in depth by Hazelton et al. [143].

A solution to the above case of CD uniformity control is to use a spatial light modulator,
such as a DMD, as a dynamic intensity mask. The DMD requires no repositioning, as
masks are updatable digitally on a millisecond timescale [21|. This method is hence
inherently orders of magnitude faster than mechanically replacing intensity masks, and
suffers no risk of sample drift with respect to projected intensity position. This section
describes results from the use of a DMD acting as a dynamic intensity mask for PSME
femtosecond ablation and multi-photon polymerisation. DMD-enabled ablation and
multi-photon polymerisation has been demonstrated previously [27, 146, 147], and the
method described here is expected to enhance achievable resolution for these techniques.

Individual feature widths as small as 250nm are produced in BiSbTe via ablation. Re-
ductions of resolution from the limits of 1um and 727nm, using two different microscope
objectives, to 370nm and 270nm respectively are shown via ablation in nickel. The re-
duction factor of ~2.7x is greater than the factor of 2x shown in a two-photon resist,
and hence represents an exciting new mechanism to exploit via PSME.

88



5.1 Thin bridge production

Any material property modification due to exposure to a spatial intensity pattern is a
result of the material response to said intensity. This concept may seem obvious, but
the nature of the material response linked to a particular property modification will be
shown to allow for novel machining techniques involving PSME for the remainder of
this chapter. While the results produced in this section do not reduce final resolution
of a machined pattern, and hence are not strictly PSME, they show a reduction in the
achievable feature sizes in multiple exposures as compared to single exposures, and are
illustrative of the concepts used in later sections of this chapter.

5.1.1 Non-overlapping exposures

Consider the depth profile of a sample in a one-dimensional model after ¢ successive
ablations, Dg;(z). The change in depth, ADgy(x) due to the ith incident intensity
distribution I;(x) will, of course, depend on I;(z). As is clear from previous chap-
ters, ablation will not generally occur in a material until some ’threshold’ intensity, Iy,
is reached. Above this threshold, increased intensity will generally lead to increased
ablation depth, and so the first-order dependence on intensity of Dg;(x) is given in
Equation 5.2. Gamaly et al. explore analytical solutions for the estimation of ablation
thresholds for various pulse lengths and materials [4]. In brief, they argue that the
minimum energy density to achieve ablation must translate to the energy required to
remove an individual atom. In metals, for femtosecond pulses, the threshold fluence
is proportional to the wavelength, density of conductive electrons, and the sum of the
atoms’ binding energy and the work function of the metal in question. In dielectrics a
similar expression is deduced, where the threshold fluence is proportional to the skin
depth, the number density of atoms, and the sum of the atoms’ binding energy and
ionisation potential.

Dgi(x) = Dy(i-1)(z) + ADgi(z) (5.1)

Ii(z) — Iip)  Where I;(z) > I
0 Otherwise

ADg(x) { (

Figure 5.2 shows the resulting depth profile, intensity and threshold in arbitrary units
after 2 successive exposures to Gaussian intensity profiles of the form in Equation 5.3.

Ii(z) = exp(—2(z — z:)*/(w})) (5-3)

Where z; is the peak intensity location and ws the spot size. In the following example,
arbitrary units (au) are used throughout, with the results shown in Figure 5.2 being
generated with xo = 1 4+ 18 and wg = 3ﬂ2), while the threshold was set at I, = 0.9.
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Figure 5.2(a) shows the threshold intensity, I;, the current Gaussian exposure inten-
sity distrubution, I, the depth profile before exposure D, and after the first exposure
Dg1. Figure 5.2(b) shows the intensity profile shifted by 18au to the right, with depth
profiles D,1 and Dg,o after the first and second exposures respectively. A ‘bridge’ of
unaffected material of width 3 is visible in Figure 5.2(b). In this first-order approxima-
tion, in fact, the width of this unaffected bridge could be made arbitrarily narrow, and
the peak intensity reduced to an arbitrarily small amount above threshold, such that
a depth modulation of any period could be generated (albeit with a vanishingly small
amplitude as the peak intensity is reduced towards threshold).

(a) First intensity profile, and depth and before
and after 1 exposure

(b) Second intensity profile, and depth before and
after 2 exposures

Figure 5.2: The depth profile of a material before and after 2 exposures of laterally
shifted Gaussian intensity profiles.

There are, of course, more complex effects to take into account which would likely limit
the process. Some degree of heating, and hence melting, will occur in a material around
an ablated volume, even when femtosecond machining is employed (which reduces such
untargeted heating, as described in section 2.2.2). This melting would tend to damage
surrounding fine structures, and effectively ’flatten out’ depth modulation. Any ex-
isting translational asymmetry in the substrate material (grain structure, for instance
[148]), could affect the uniformity of ablation pulse-to-pulse. Such asymmetries would
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undoubtedly be created by previous pulses at small enough separations — melting and
resolidifying, or pressure shock waves around an ablation site could alter material prop-
erties in the immediate vicinity. Additionally, any power instability in the laser source
would represent an increasingly large fraction of the ’above threshold’ intensity; sup-
posing peak intensity were set at 1.01x the threshold in order to ablate very narrow
regions, a 1% instability in the laser intensity would mean that ablation would often
occur over a much larger region than intended, or not at all; a similar argument could
be made for the stability of the beam shape. Finally, at an atomic level, it is incorrect
to describe thresholds for material removal; rather, at a given intensity, there would
be a probability of removal — one that sharply increases from near-zero to near-unity
around I;;. On the nanometre scale, this probabilistic removal may affect results, and
as ablation depths at the used fluences during the following experiments were typically
on the tens of nanometres scale, it may have some impact.

A single minified DLP7000 13.6pm pixel using a 50x objective corresponds geometri-
cally to 90nm (measured from the SEM images of ablated patterns and compared to the
loaded binary images on the DMD) at the sample. To reach the minimum possible sep-
aration between ablated features, single-pixel control of the DMD was desired. Hence,
the DLP7000 line was preferred for this experiment, as the DLP3000 suffers from the
dithering problem shown in Figure 2.9. For the initial tests, a 200nm thick bismuth an-
timony telluride (BiSbTe) sample was used, which was thick compared to a single-shot
ablation depth and hence was expected to avoid the peeling problems seen in section 3.2.
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(a) First image dis- (b) Second image dis-
played on DMD played on DMD

(c) Third image dis- (d) Fourth image dis-

played on DMD played on DMD
(e) Ablated pattern in bismuth anti- (f) Sub-wavelength feature remains af-
mony selenside ter two lines ablated in bismuth an-

timony selenside - top right corner of
5.3(f)

Figure 5.3: A split ring pattern ablated into 200nm thick BiSbTe in four shots, each
at 0.125.J/cm?.

Figure 5.3 shows the result of the technique for creating a split ring pattern. Four se-
quential shots are used to ablate the four sides. The whole ring was also displayed and
ablated in a single shot, i.e. all images in Figure 5.3(a)—5.3(d) were displayed during
a pulse simultaneously, forming a complete square on the DMD. This resulted in an
ablated square shape with no gaps left between the ends of each side, except for the gap
due to low ablation depth in the top left corner, similar to Figure 5.3(e). The unequal
ablation depth in Figure 5.3(e) is suspected to be a result of the inhomogeneous beam
intensity on the DLP7000 line. In this particular example, the ‘split’ side of the ring
is in fact not separated by any pixels on the DMD from the other three — although
separations of greater than 0 pixels on the DMD were tested, 0 separation yielded the
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smallest feature sizes. In a perfectly minified intensity pattern, there would be no gap
in Figure 5.3(f); it is suspected that optical filtering (loss of some, typically high, spatial
frequencies as a result of limited NA optics and passing through apertures) led to the
intensities at the end of each side of the square being lower than the ablation threshold
of the sample at the corner in Figure 5.3(f), as described in Figure 5.4.

(a) Wide aperture (b) 100 pixel radius aperture

(c) 50 pixel radius aperture (d) 30 pixel radius aperture

Figure 5.4: A close up of the the simulated combined intensity above threshold, after
optical filtering through different radii of aperture, of two sides of the split ring.

While the theory described thus far has used Gaussian intensity distributions as ex-
amples, some extra consideration must be given to the effect as it applies to image-
projection. In any imaging system, some spatial frequencies will be lost (typically
higher spatial frequencies, due to finite lens diameters or apertures for example). A
simple simulation of this effect is shown in Figure 5.4, in which the binary images in
Figures 5.3(a) and 5.3(c) are Fourier transformed (to give the electric field at the focus),
field components below a certain radius of pixels at the centre of the transform are re-
tained (simulating aperturing), the inverse Fourier transform is taken, with its absolute
square value giving the final intensity distribution. With no truncation in spatial fre-
quencies, as in Figure 5.4(a), no gap is produced, and the linewidth corresponds exactly
to that in the masks in Figure 5.3. With a decreasing aperture radius, which in practice
could correspond to the finite aperture at the entrance to a microscope objective or
other clipping along the beam line, the linewidth widens, and a thin bridge of unaf-
fected material is predicted between the end-points of the projected intensity patterns.
The uploaded DMD masks in Figure 5.3 had linewidths of 5 pixels, which would scale
geometrically to 500nm for this setup at the sample. Clearly from Figure 5.3(e) the
final linewidth is close to 1um — both the broader linewidth and remaining thin bridge
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are predicted by optical filtering effects.

5.1.2 Overlapping exposures

Thin bridges of unaffected material have been demonstrated, however multiple expo-
sures can be used to generate fine features even when affected regions overlap. The case
for ablation is shown in Figure 5.5.

(a) Depth profile before and after 1 exposure (b) Depth profile before and after 2 exposures

Figure 5.5: The depth profile of a material before and after 2 exposures of laterally
shifted Gaussian intensity profiles, with affected regions overlapping.

Figure 5.5 has been produced using the same assumptions and values as Figure 5.2, with
the only difference being that the lateral translation between pulses has been reduced
to 12au from 18au. A central region which has experienced less material removal than
adjacent troughs is evident — the ’contrast’, i.e. the ratio of the central peak height
above the adjacent troughs to trough depth, depends on the threshold intensity, beam
shape and lateral translation, and has not been investigated extensively. However, as
is clear for Gaussian exposures, the contrast is expected to generally decrease with de-
creasing translation between exposures. Figure 5.6 was produced via the exposure of 3
successive lines at 240m.J/cm? in BiSbTe using a 20x objective, where each line in the
DMD mask was 7 pixels wide and was translated downwards by 7 pixels between each
exposure. Though the profile of the remaining bridge lacks an accurate mathematical
description to properly define width, it appears to be on the order of 250nm.

5.1.3 Overlapping exposures on thin film

As can be seen from the shaping of the end regions, the overlap of affected regions in
Figure 5.5 was quite low — at even 1 pixel lower translation between exposures, contrast
rapidly diminished. In order to enhance contrast while testing the limit of the tech-
nique, a thin film (50nm) of germanium-antimony-tellurium (GST) on silica was used
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Figure 5.6: SEM image of thin bridges produced in BiSbTe via three exposures of a
single line, translated between exposures. Here, the minimum feature size is ~250nm,
while the resolution remains close to what was seen in Chapter 3, at ~2um.

for the final tests. Figure 5.7 shows how this sample improves contrast; ablation may
only occur to a maximum depth (-0.05au in the Figure), beyond which the transparent
silica does not ablate at the used fluence. A central bridge of non-transparent GST then
shows clearly atop a near-flat, transparent silica background. The flatness of the silica
improves visibility under SEM, while the transparency enhances contrast under optical

microscopy.

(a) Depth profile before and after 1 exposure (b) Depth profile before and after 2 exposures

Figure 5.7: The depth profile of a material before and after 2 exposures of laterally
shifted Gaussian intensity profiles, with affected regions overlapping on a thin film ma-
terial.

Sequentially rotated Archimedean spirals were chosen as the DMD masks (the choice
of which is expanded upon below). Described by 7¢rcn = Aaren0ereh where 74,05, is the
radius, 6 the angle in polar coordinates, agren, and Rgpen are constants (Rgpen = 2 in
this case, and aqcp, = 0.39), the spacing between adjacent lines in the spirals decreases
towards the centre (when Rg,..,>1, as in this case; for Ry.., <1, the spacing increases
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towards the centre). Making the replacement 6 — 6 + ¢ ‘rotates’ the spiral clockwise
by ¢. Remaining bridges of width ~160nm were produced at a fluence of 0.125.J/cm?
per exposure, as shown in Figure 5.8.

Figure 5.8: Archimedean spirals ablated into 50nm thick GST at a fluence of
0.125.J/cm? per shot resulting in ~160nm unablated regions.

5.2 PSME for improved resolution

While sub-wavelength features have been demonstrated with multiple exposures, pe-
riodicities below the resolution limits of the optical systems used have not yet been
produced (which were 1pym, 952nm and 727nm when using the 20x, 50x and 100x
objectives respectively). Initially, it was expected that the method of reducing peak in-
tensity towards threshold and leaving unaffected regions between sequential patterns (as
in Figure 5.2) could produce sub-diffraction limit resolutions. In order to efficiently test
the technique, sequentially rotated archimedean spirals were displayed on the DMD and
ablated in 200nm BiSbTe. This procedure was designed to test that large, more complex
shapes could be placed in sub-wavelength proximity, as well as testing a near-continuous
range of exposure-to-exposure feature separations (enabled by the decreasing spacing
between ‘turns’ of the spirals towards the centres, and mutual rotations between suc-
cessive spiral exposures, as in the previous section). In this section, PSME is explored
via both ablation and multi-photon polymerisation patterning of materials.

5.2.1 PSME using ablation

Initially, ablation was chosen as the patterning mechanism to explore the PSME tech-
nique. Figure 5.9 shows an example spiral as displayed on the DMD, a diagram of
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sequential rotations of the same image, and SEM images of the resulting structure
ablated into BiSbTe after eight exposures.

(a) A single archimedean spiral as dis- (b) An example set of four
played on the DMD archimedean spirals sequentially
rotated, each being displayed on the
DMD during a single shot — different
colours in the image for different shots

(c) Ablated pattern after 8 spirals (d) Close up of small features in part
have been displayed on the DMD and (c)

ablated on the sample. Each spi-

ral displayed on the DMD is rotated

further with respect to previous spi-

rals, each produced with a fluence of

0.125J/cm?.

Figure 5.9: Archimedean spirals ablated into 200nm thick BiSbTe in eight exposures.

Features as small as ~400nm are evident in Figure 5.9(d), with spacing between adja-
cent bridges of material as low as ~600nm, below the diffraction limit of 952nm when
using the 50x objective for this experiment. Towards the centre of the spirals, where
separations between lines were smaller, a ‘bridge’ of unablated material between ab-
lated lines was not routinely obtained (as can be seen at the centre of Figure 5.9(c)).
It can also be seen from Figure 5.9(c) that ablation depth is not equal across the whole
pattern, which was due to a lack of homogeneity in the incoming intensity distribution
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at the DMD in the DLP7000 setup; a beam realignment was made to ameliorate this
during later tests.

Though features with spacings below the diffraction limit were produced (600nm spac-
ing when the limit of the 50x objective was 952nm), the depth profile in Figure 5.9
was not of the expected form. Instability in the beam intensity and shape pulse-to-
pulse meant that when the peak power was reduced to near threshold (=0.125.J/cm?),
large regions of the projected intensity pattern would fluctuate below threshold, or fur-
ther above threshold than intended, causing poor reproduction of the desired pattern.
Single-exposure feature widths in Figure 5.9 remain on the order of 1pm, and yet 600nm
feature separations have been achieved. The mechanism for the production of this res-
olution is similar to the ’low material removal’ method described in Figure 5.5, and is
shown in Figure 5.10.

(a) Depth profile before and after 1 exposure (b) Depth profile before and after 2 exposures

(c) Depth profile before and after 3 exposures (d) Depth profile before and after 9 exposures

Figure 5.10: The depth profile of a material before and after 9 exposures of laterally

shifted Gaussian intensity profiles. The emergence of corrugations, which has not oc-

curred after 2 exposures in (b) but has after 3 exposures in (c¢) depends on the relative

translation between pulses, and the shape of the intensity profile. Were the intensity pro-

file to have been shifted by a greater value after the first exposure, corrugations would

occur after only 2 exposures. The period of the corrugations, when they emerge, is equal
to the relative translation between intensity profiles.
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Figure 5.10 shows the expected depth profile for a Gaussian intensity with similar pa-
rameters to that used in the previous section, whose centre is shifted by 6au between
each exposure. Note that after 2 exposures there is no ‘less affected bridge’, or corruga-
tion, as was found for greater exposure-to-exposure shifts as in Figure 5.5 — the peaks of
the Gaussians are too close for this to occur. However, after 3 exposures, and later after
9 exposures as in Figures 5.10(c) and 5.10(d), corrugations at the bottom of the ablated
region have been produced. Note also that relatively broad slopes occur either side of
the peridodic region of depth modulation; these correspond to the broad non-periodic
regions which can be seen at the edges of the final machined pattern in Figure 5.9(c).
In simulation, the width of this non-periodic border region is typically wider when the
shift between exposures is small compared to the width of the above-threshold regions
of the intensity distribution. A mathematical description of this border region has not
yet been attempted, though it appears that periodic modulations occur after sufficient
shifted exposures for any shift size, albeit with reducing contrast for smaller shifts as
in the previous section. Of course, other effects would limit the technique beyond some
level of pitch-splitting, as described in section 5.1.
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(a) Theoretical depth profile after 1 (b) Theoretical depth profile after 4

exposure exposures
(c) SEM image of structure after 1 ex- (d) SEM image of structure after 4 ex-
posure posures

(e) SEM image of structure after 6 ex-
posures

Figure 5.11: Theoretical and SEM images of depth profiles in electroless nickel using
the 20x objective. 38m.J/cm? was the fluence used for each pulse.

Figure 5.11 compares theoretical to experimental results in electroless nickel when ap-
plying PSME with a grating pattern. The result of a single exposure can be seen in
Figure 5.11(c), and an aperture radius and threshold were chosen to approximate this
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in the theoretical profile in Figure 5.11(a), which was generated similarly to Figure 5.4.
The period of the grating was 24 pixels on the DMD mask, Figure 5.11(d) shows the
result of 4 exposures, shifting the mask downwards by 6 pixels between exposures, while
Figure 5.11(e) resulted from 6 exposures, shifting the mask by 4 pixels between expo-
sures, both at 38m.J/em?, close to the ablation threshold of the material [149]. Blue line
profiles represent a horizontal averaging of the greyscale image values in order to high-
light the periodicities. The period in the single exposure case was ~3um, while periods
of 750nm and 500nm were achieved with 4 and 6 exposures respectively — ’splitting’ the
single exposure pitch by 4 and 6, as expected. Beyond 6 evenly spaced exposures with
the 20x objective for this grating pattern any periodic structuring of the expected form
could not be resolved under SEM. This was, however, only the limit for this particular
intensity mask, and finer resolutions may be achievable with alternative masks. The
theoretical profile in Figure 5.11(b) shows a qualitative resemblance to the experimental
result, as in the previous section.

Figure 5.12 shows the result of the same grating pattern exposed 8 times, shifted 3
pixels between exposures. Laser-induced periodic surface structuring (LIPSS) [150] has
occurred — a known phenomenon with repeated exposures to femtosecond pulses — and
has dominated the patterning process. The LIPSS are not of further interest here, other
than to show a limit of the technique.

Figure 5.12: Laser-induced periodic surface structuring dominates the patterning pro-

cess at 8 exposures with features in close proximity. The grating pattern translated

between exposures on the DMD was comprised of horizontal lines w.r.t. the orientation
of the figure.

Multiple exposures of a similar grating pattern on the DLP3000 line with a 100x objec-
tive were also tested, despite the potential dithering problem of DMD mirrors for fine
features on this setup. At the time of the experiment, the beam width at the objective
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entrance position on the setup for the DLP7000 line was too broad for the aperture of
the 100x objective, and it was for this reason the DLP3000 line was used for experiments
involving the 100x objective.

The grating pattern was not well-reproduced in a single exposure, as seen in Fig-
ure 5.13(c). The loss of spatial frequencies high enough to faithfully recreate a grating
pattern may have been a result of the smaller aperture at the entrance to the 100x ob-
jective than the 20x, such that the spatial frequencies required were not captured — in
either case, the depth profile is approximated once more by a computational aperturing
of the Fourier transform in Figure 5.13(a). Each exposure used a fluence of 5.25.J/cm?
(though this value assumed the projected intensity pattern perfectly recreated the DMD
mask; hence the true value would be lower), and after 3 exposures produced the struc-
ture in Figure 5.13(d).

Though the intended overall structure was not produced, these results are included to
compare the predicted depth profile with the experimental result when a high propor-
tion of high spatial frequencies are lost. A small region at the top of the SEM image
is arrowed, showing a region with a period of ~350nm, however elsewhere no reduced
period is observable compared to the single exposure case in Figure 5.13(c). Following
the same procedure as before to produce a theoretical depth profile in Figure 5.13(b), a
similar lack of fine structuring is apparent over most of the predicted profile. The fine
structure region is also visible (albeit faintly), however theoretically it is predicted at
both top and bottom of the final structure. As the projected intensity pattern was trans-
lated downwards between pulses, and the structure experimentally remains at the top,
it is suspected that the expected fine structure was melted across the above-threshold
region during each exposure, which consequently removed any fine structure produced
at the bottom of the pattern.
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(a) Theoretical depth profile after 1 exposure (b) Theoretical depth profile after 3 exposures

(c) Depth profile before and after 1 exposure (d) Depth profile before and after 3 exposures

Figure 5.13: Theoretical and SEM images of depth profiles in electroless nickel using
the 100x objective. 5.25.J/cm? was the fluence used for each pulse.

Periodic structuring can be seen in the single-exposure case in Figure 5.13(c), how-
ever diffractive effects ultimately produced enough intensity in intended ’off’ regions
of the projected intensity pattern that the ablation threshold was exceeded across the
whole structure, and limited the technique. The method may be implemented on the
100x objective, however, provided features within the single-exposure mask have a great
enough separation that threshold is only exceeded in localised areas around the intended
high intensity regions. Pairing this with effects explained in Figure 5.10, wherein pe-
riodic structures emerge for a particular spacing of sequential exposures only after an
unknown number of exposures, with unknown contrast and unknown ‘border region’
width, Archimedean spirals again become an attractive option for rapid experimental
testing of the technique. The space between ’coils’ of the spiral in a single mask varies,
and rotating the entire spiral through some angle between exposures will mean a greater
separation between exposed features at the centre than the outer edge. This allows for
the simultaneous variation of many of the key variables in this technique. While the
range of angles the spirals were rotated through in Figure 5.9 was small, once the impact
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of feature separation between exposures was better understood, sequential spirals were
evenly rotated between 0° and 360°, for varying total numbers of rotated exposures.
Figure 5.14 shows SEM images of results in electroless nickel from both the 100x and
20x objectives.

(a) An example eight sequentially rotated (b) The resulting structure after 13 pulses at
Archimedean spirals, with the inset showing 4.70J/cm? with the 100x objective
the DMD mask used

(c) The structure after 25 pulses at 38mJ/cm? (d) The structure after 10 pulses at 38mJ/cm?
with the 20x objective, the inset shows a higher with the 20x objective
magnification

Figure 5.14: SEM images of structures produced in electroless nickel after repeated
exposures to Archimedean spiral intensity patterns.

The results in Figure 5.14 are fundamentally similar to those in Figure 5.9; the major
difference is the angular spacing between sequential rotated spirals. The realisation
that fine resolution may emerge only after some number of pulses, and that the size
of shift between exposures may affect this number, as explained in Figure 5.10, led to
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this change of approach; the wider spacing allowed for a more efficient search of the
parameter space. Figure 5.14(b) shows a resulting final structure machined using the
100x objective, with the inset displaying a higher SEM magnification image, produced
in 13 pulses at 4.70.J/cm?. The pattern appears cropped in the vertical, as the DLP3000
chip has an 854:480 aspect ratio display, and was not able to display the entire spiral
as in the Figure 5.14(a) inset. The finest period of 270nm was achieved near the centre
of the structure, with a period of 350nm seen nearer to the edge, both visible near the
top and bottom of the inset of Figure 5.14(b), respectively.

Figure 5.14(c) shows a similar structure machined with the 20x objective, which was

2. The finest resolution of ridges in the structure

produced in 25 pulses at 38m.J/cm
was 370nm, shown at the centre of the inset. Figure 5.14(d) shows the central region
of a spiral produced with 10 pulses at 38m.J/cm? with the 20x objective, demonstrat-
ing 500nm spacing of features almost to the very centre of the structure. Visible in
Figures 5.14(b), 5.14(c) and highlighted with black arrows in 5.14(d) are broad spirals,
surrounded by regions which appear to have large periodicity — e.g. a 1.2um linewidth
spiral of little depth modulation with 500nm linewidth spiral features to either side,
as indicated in Figure 5.14(d). These broad curves correspond to the ‘border region’
associated with the technique; the broad slopes of depth modulation either side of the
periodic region predicted in Figure 5.10. Also apparent is a build-up of debris, which
may be prevented via nitrogen gas assist for debris removal at the time of machining, or
removed post-process via standard wet chemical cleaning procedures. At the centre of
the spiral, visible in Figure 5.14(d), LIPSS occurred as a result of the rotating pattern
in the central region being exposed to all pulses.

In conclusion, a diffraction limit of 727nm and final feature resolution of 270nm with
the 100x objective, and a limit of 1uym and final feature resolution of 370nm with the
20x objective, resolutions approximately 3 times smaller than the diffraction limit were
produced by DMD multiple exposures in both cases.

5.2.2 PSME of photoresist

In order to demonstrate DMD image translation for the purpose of PSME where min-
imum feature sizes produced in a single pulse are below the diffraction limit (recalling
that only minimum periodicity is limited, not minimum feature size), a resist optimised
for two-photon polymerisation at 780nm wavelength (Nanoscribe IP-G 780) [151] was
used. The probability of two-photon absorption is proportional to the square of the
incident intensity; considering an incident Gaussian intensity distribution, the FWHM
of two-photon absorption is 1/4/2 that of single-photon absorption. Provided single-
photon absorption is suppressed, such that material response depends predominantly on
two-photon absorption, the material response will correspondingly behave as a single-
photon absorbing material would to a Gaussian of 1/y/2 the incident width. This
‘sharper’ material response means that finer features are more reliably reproduced; in
the previous sections it was shown that intensity would have to be maintained close to
threshold to achieve finer features, while two-photon absorption naturally produces a
reduction factor of 1/4/2 without this concern.
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Only the 50x and 100x objectives on the DLP3000 line were capable of producing the
high intensities needed for two-photon polymerisation. The results in Figure 5.15 show
a ~10um thick structure produced in 13 exposures of sequentially rotated Archimedean
spirals at 3.0J/em? per pulse using the 50x objective, with a final lateral features at
a minimum period of ~500nm, which was equal to the width of single lines produced
during each pulse. The high number of exposures at the central region resulted in
damage to the structure; just outside the damaged region, polymerised regions appear
to have overlapped to the point that periodic structuring is not evident. Incomplete
polymerisation was observed at 2.4.J/cm?, with polymerisation fluences in this range
being typical for similar experimental conditions [152].

Figure 5.15: Structure produced via two-photon polymerisation in 13 exposures at
3.0J/cm? per exposure. The finest spacing between adjacent turns of the spirals is
~500nm.

The minimum period observed in Figure 5.15 was approximately a factor of 2 below
the limit achievable in a single exposure. It is interesting to consider why this reduc-
tion factor was smaller than that achieved via ablation, and the proposed mechanism,
explored in the discussion section below, comes down to the different material response
to incident illumination.

5.3 Discussion and Future Work

PSME via DMD image projection has been shown to beat the diffraction limit with
two-photon polymerisation by a factor of almost 2 (500nm period on a setup diffraction
limited to 952nm), and with ablation by a factor of almost 3 (370nm on a setup limited
to 1pm, and 270nm when limited to 727nm). Ooki et al. [144] argue that a sinusoidal
intensity pattern shifted by a half-period in a two-photon resist will at most result in a
halving of the period of the final material response. Their argument can be extended
to explain why PSME via photopolymerisation was limited to a resolution reduction
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factor of 2, and via ablation to a greater value, as follows.

A two-photon resist contains a photo-initiator chemical at initial density .Jy, whose rate
of decrease with respect to time is proportional to the square of the incident intensity,
such that after 1 exposure at intensity I; the initiator density Jj is given by Equation 5.4.

Ji(t) = Joexp(—copl?t) (5.4)

cop is a constant of integration, and ¢ is time. To ease notation, explicit dependence on
spatial dimensions has been omitted, and the intensity distribution is assumed to have
a constant profile in time, though the current argument trivially extends to arbitrary
intensity time profiles, provided the spatial profile does not change during each expo-
sure. If the total exposure time for exposure N is T, then the initiator density after
N exposures will be of the form in Equation 5.5.

N
JN(TN) = JN_1 eXp(—CQPI?VTN) = Jo eXp(—CQP Z IZTn) (55)

n=1

The final photo-initiator density will then be in response to an effective squared intensity-
time product given by the summation in Equation 5.5. By considering the Fourier
transform of this effective squared intensity-time product, we can infer the upper limit
to the spatial frequencies present in the final material response. A given intensity distri-
bution will have a maximum spatial frequency k4. as a result of the diffraction limit,
the square of this intensity may then contain a maximum spatial intensity of twice this
limit, 2k,,4.. The time component in the product has no spatial dependence, and hence
will not affect the spatial frequency limit in any squared intensity-time product. The
maximum frequency present in the Fourier transform of the sum of two functions may
not be greater than the maximum frequency present in the Fourier transform of either
function, hence regardless of the value of N in Equation 5.5, the maximum spatial fre-
quency limit remains 2k;,qz-

The doubling of the spatial frequency limit in the above argument is deduced from
properties of the Fourier transform of a function f, F(f), and of the convolution of
two functions f and g, (f * g). The Fourier transform of any real function (such as
intensity) will be even, and the diffraction limit imposes that the the bounds of the
transform of intensity will be at some 4k;,,,. Convolution theorem then states that
the Fourier transform of a product of two functions (such as intensity multiplied by
itself) will be equal to the convolution of the Fourier transforms of the two functions
F(f-g9)=F(f)*F(g). The maximum non-zero frequency at which the convolution of
band-limited Fourier transforms occurs is then clearly the sum of the maximum frequen-
cies present in each transform (or double the maximum, for the convolution of identical
transforms). The invariance of the maximum frequency from additional terms in the
effective squared intensity-time product is a consequence of the distributive property of

the Fourier transform, F(f + g) = F(f) + F(g).
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This argument corresponds with the experimental result seen in Section 5.2.2, where
the minimum period observed was half that allowed by the single-exposure diffraction
limit. The argument should extend such that for an m-photon resist, a factor of m
reduction in final period compared to the single-exposure limit is possible.

Now consider the form of the material response for ablative PSME as proposed in
Equation 5.2. The material response, the ablation depth, is in response to a sum of
thresholded intensity distributions. This thresholding, to first order, is a discontinuous
function switching between 0 to 1 wherever incident intensity during a given exposure
exceeds threshold. The frequencies present in the material response after a single ex-
posure can be calculated from the Fourier transform of the product of the incident
intensity and the threshold function. Similarly to the above argument, this means that
the maximum possible spatial frequency will be equal to the sum of the maximum spa-
tial frequency in the intensity distribution, and the maximum spatial frequency in the
threshold function. However, a discontinous function such as this will require infinitely
high spatial frequencies, such that there is no physical limit to first order for the final
spatial frequencies present in the material response. Of course, other effects described
in this chapter will ultimately mean that the thresholding function is not truly discon-
tinuous, and hence that a finite frequency limit will exist.

A Fourier transform-based approach to the limits of material responses then explains
why a resolution reduction factor of 2 was the limit with two-photon polymerisation
techniques, while a higher limit was found via ablation. The model fails to provide
any predictive calculation for the limit of PSME resolution via ablation, which will rely
on the thresholding inherent to the technique. Determination of the dependencies of
the thresholding function would be critical to extending the technique — for example,
thermal conductance and melting temperature would likely effect the gradient of the
depth profile at a boundary between a region exposed to intensity above threshold, and
one exposed to intensity below threshold, where in the first order model the gradient
would be assumed infinite.

An adaptive optics approach using the DMD could allow any inhomogeneities in the
beam before shaping to be corrected for, hence allowing complex patterns with peak
intensity closer to threshold to be reliably projected. This would allow consistent thin
film production, as well as higher contrast in the PSME via ablation.

It may be possible to improve the resolution found in two-photon polymerisation PSME.
The theory presented assumes photo-initiator density only undergoes change during ex-
posures, however this may not be true. As the multi-photon resist is in a liquid state
before exposure, diffusion will take place. Instantaneously after a femtosecond pulse,
initiator density may have reduced in some region as expected. If the intensity in some
region is not sufficient to fully cure the resist however, the partially cured region can be
thought of as a suspension of solid particles in liquid — diffusion between these regions
and unexposed regions will, over time, return the initiator density to near the initial
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value. This might be represented mathematically as a thresholding function, where
curing is complete enough above some intensity such that diffusion is negligible, and
lead to a further reduction in final resolution.

Only two forms of material response have been studied in this chapter, ablation and
two-photon polymerisation. It would be of interest to determine the limits of PSME
in more diverse laser-matter interactions; the periodicity of any material response to a
single exposure will be bound by the Abbé diffraction limit, however the exact nature
of a material’s response to an intensity pattern may radically change the limit after
multiple exposures. Work presented in Chapter 6 enables a greater degree of control
over the spatial intensity distribution, as well as relative shifts between intensity pro-
files. Theoretical work on the generation of binary holograms, which require adaptation
for ultrashort pulses, will even allow for translations of intensity profiles below a single
pixel width on the DMD. An exploration of PSME via other material interactions will
be returned to once these enhanced capabilities have been developed, as they will clearly
be of great benefit to the technique.
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Chapter 6

Mask correction

6.1 Introduction

Thus far DMDs have been used as a low-cost, rapid method to produce bespoke in-
tensity masks. The pattern displayed on the DMD is imaged at target positions on a
sample, with any aberrations associated with the experimental setup or physical limits
being accepted. While the dynamic nature of the DMD surface allows for a great deal
of variation in the imaged pattern, in principle it is little different than imaging static
intensity masks, with binary intensity values and no phase control.

This chapter will introduce the possibility of ‘mask correction’ using a DMD. Image-
recognition will be shown to allow for enhanced positional accuracy of exposure po-
sitions at samples, reduced to the live camera resolution of 1.04pm when machining
is performed with the 20x objective. Simulated beam propagation techniques will be
shown to predict diffractive behaviour from a DMD mask. The point-spread function
(PSF) of a single pixel will be exploited for continuous intensity control and correction
for diffractive loss of image reproduction fidelity. This correction of diffractive losses
is demonstrated for a complex image mask, featuring a range of line widths, on the
DLP3000 diagnostic line. Continuous intensity control has been used to ablate a vari-
ety of multi-level structures into nickel, with resolutions approaching the 2um accuracy
seen for single exposures in Chapter 3. Two methods for the iterative generation of ‘bi-
nary holograms’ with multiple useful features will also be presented, including multiple
image planes during a single exposure, continuous intensity control, phase control and
sub-pixel image translation.

6.1.1 Optical proximity correction

As was seen in chapters 3 and 5, differences between an intended pattern and that pro-
duced in a sample may occur as a result of diffractive losses and material response. These
errors may be reduced by using shorter wavelengths, or systems with higher NAs, but
an alternative approach is to compensate for the expected errors by modifying the mask
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itself, via a broad range of techniques known as optical proximity correction (OPC).

OPC often amounts to small modifications in the perimeter of any contiguous shape in
an exposure mask, to correct for defects such as ‘rounded corners’ or differing intensities
due to different linewidths. An example is shown in Figure 6.1; the corners of a square
are rounded in the final structure if ordinary imaging is used, while the structure can
more closely conform to a square shape if additional regions at the corners in the mask
are exposed.

(a) Original mask and (b) Corrected mask
final structure and final structure

Figure 6.1: A comparison of (a) original and (b) OPC masks used to produce a square
structure. The masks are in red, while the dashed green outline shows the perimeter of
the final structures produced.

The methods for determining how to modify a mask to best produce a final structure
vary, with analytic approaches [153] and rules-based look-up tables [154] both being
used, depending on the process, material, laser system and desired mask shapes being
used. While look-up tables work well for simple designs, such as rectangles or regular
polygons, they quickly become untenable as more arbitrary, complex designs are re-
quired. A simple, iterative method for OPC mask generation accounting for the effects
of optical filtering when focusing an intensity distribution through an aperture will be
described in this chapter, and the results as viewed on the DLP3000 line diagnostic
camera will be shown.

6.1.2 Angular Spectrum Method

The Angular Spectrum Method (ASM) is a rapid Fast Fourier Transform (FFT)-based
technique for simulating the propagation of light fields between two parallel planes;
derivations are common in the literature, e.g. [155, 156]. Briefly, if one considers a
field propagating in the z direction with some distribution in the orthogonal z and
y directions, then the field at some z # 0 can be calculated from the z = 0 plane
by transforming from spatial (x,y) space to frequency space (&, 7n), multiplying by a
propagator for each of the real frequencies present, and transforming back to real space,
as in equation 6.1.
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E(x,y,z) = //E(g, n;0) exp [127(wz + Ex + ny)] dédn (6.1)

Where w(&,n) is the Fourier frequency in the z direction, given by equation 6.2.

. { ()\_2 — 52 — 772)1/2 Where 52 + 772 <272
w(é,n) = , (6.2)

0 Otherwise
This provides fast, accurate solutions for beam propagation simulation, provided aliasing
issues with the FFT are avoided (frequencies at the z # 0 plane should be below half
the Nyquist frequency to avoid ‘folding’ of the simulated field at the edges of a given
sampling window) and evanescent field effects are negligible at the propagation distance.
Evanescent decay distances are on the order of the wavelength of light used; in this
work the propagation distance was always large compared to this. To reduce aliasing
concerns, the method of Matsushima and Shimobaba was employed [155] — in short,
the bandwidth of frequencies £ and 7 is limited in accordance with consideration of the

Nyquist sampling theorem.

6.1.3 Gerchberg-Saxton algorithm

Often, when imaging an object in an optical system, diffracted light from the object
is collected by a lens and imaged onto a detector. However, there are circumstances
in which this is not practical. When imaging with wavelengths for which it is difficult
to produce lenses, such as XUV radiation, or when aberrations caused by a lens are
undesirable, all-optical imaging systems may not suffice. An alternative method is to
use phase retrieval algorithms [157-159].

Rather than imaging an object onto a detector using a lens, the (usually far-field) inten-
sity diffraction pattern from the object is recorded directly on the detector at the ‘image
plane’. The task of ‘focusing’ this diffraction pattern with a lens is then transferred to
an algorithm, which numerically searches for an object at the ‘object plane’ that would
produce such a diffraction pattern. Given both electric field strength and phase of the
diffraction pattern, this would of course then be trivial — if the diffraction pattern was
recorded in the far-field, a simple FFT would lead immediately to the solution, or if
recorded in the near-field a propagation algorithm, such as the ASM, could be used.
All phase information is lost, however, when recording the intensity of the diffraction
pattern on the detector. It is the task of the phase retrieval algorithm then to find an ob-
ject with appropriate intensity and phase which produces the recorded image intensity
distribution. The method of choice in this work is the Gerchberg-Saxton algorithm [160].

The iterative steps of the Gerchberg-Saxton algorithm [160] are shown in Figure 6.2. Of
the various extensions to the algorithm, the Hybrid Input-Output (HIO) and shrinkwrap
steps were considered in this work, and are also shown in Figure 6.2. The mathematical
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arguments for the improved efficacy of these extensions is beyond the scope of this
thesis, however summaries can be found in [158].

Figure 6.2: The steps of the Gerchberg-Saxton algorithm, with HIO and shrinkwrap.

The algorithm begins by making a guess of the 2D electric field at the plane of the object,
the ‘object guess’, which is orthogonal to the direction of propagation of light, defined
on a grid of m xn points, which may comprise randomly chosen amplitude and phase, or
have a more specific first guess — for instance the inverse Fast Fourier Transform (IFFT)
of the intensity at the image plane. The true diffraction pattern is also recorded on an
m x n grid of points. A mask is also chosen, which describes which points within the
m X n grid must contain the entire object. The ratio of the m x n points in the object
guess to the number of points in the mask must exceed 2 for a solution to be found [161].

The object guess is then propagated to the image plane, which contains the recorded
intensity pattern, to get a ‘diffraction image’ of m x n points; this is typically performed
via an FFT, though one may use other propagation algorithms as mentioned previously.
On this first iteration of the algorithm, the amplitude and phase distribution will likely
bear little resemblance to the recorded intensity pattern. Each point in the recorded
pattern’s amplitude (square root of recorded intensity) is then multiplied by the phase
of the corresponding point in the diffraction image, and propagated back to object
space (via IFFT) to give a ‘current object guess’ for this iteration. Typically, there
will be non-zero elements in the m x n grid of the current object guess outside those
defined by the mask to give an ‘improved object guess’. In the ER method, these points
are simply set to zero, while in the HIO method these points are defined by equation 6.3.

p; = pi_1 — Bp; (6.3)
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Where p} is the improved object guess of this iteration, ,0;-71 the improved object guess of
last iteration, p; the current object guess of this iteration, and 0 < 8 < 1. In this work,
it was found that using the HIO for every iteration until a stable solution was found,
then using the ER method once before returning to the HIO method improved solutions.

Every set number of iterations, the available region for a solution to exist within the
mask is then reduced, retaining those corresponding to points in the improved object
guess that are above a threshold intensity; known as ‘shrink-wrapping’. This step in-
creases the speed at which the solution converges, by restricting the solution to regions
more likely to contain the object. These extensions to the Gerchberg-Saxton algorithm
were not found to be beneficial to binary hologram generation as described in section
6.5, however, which was the predominant use of the algorithm in this work.

Finally, end criteria of the algorithm are applied. These criteria are typically either a
set number of iterations being completed, or the propagated field of the improved object
guess being below some threshold difference from the recorded diffraction pattern. If the
end criteria are satisfied, the improved object guess is accepted as a solution, otherwise
a new iteration begins, taking the improved object guess as the starting object guess.

6.2 Mask shifting

The flat-top intensity incident on the DMD surfaces in both experimental lines imparts
translational symmetry to any displayed mask within the homogenised intensity region;
relative intensities within the overall output shaped beam will be the same, but the
position will have shifted laterally in the (x,y) plane. Figure 6.3 shows the idea when
the displayed DMD mask is a small square, with circular top-hat intensity illumination.
Relative to a ‘central’ position in Figure 6.3(a), shifting the square image on the DMD
up and to the right results in a corresponding shift of the output, while the relative
intensity distributions within each square are the same.
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(a) Centrally displayed square (b) Square displayed with shift

Figure 6.3: A circular top-hat intensity incident on the DMD surface allows for repo-
sitioning of a mask on the DMD such that the only difference in outputs is a lateral
shift.

The idea is identical to that used in Chapter 5, in that the same intensity distribution
can be shifted or rotated on the sample purely through updating of the DMD mask,
but the scale of the shifts used here will allow for new functionality. While shifts of
a few pixels were used to overlay grating images previously, here shifts of up to a few
hundred pixels will be used to correct for translation stage positional errors.

The CMOS cameras in both experimental lines had a field of view of several hundred
microns, while typical separations between adjacent target positions on samples was
rarely >100pum. During experiments where sample translation was paused during ex-
posures there was then the potential to record an image of the sample prior to each
exposure, and use image-recognition techniques to detect whether the expected stage
translation had occurred.

Phase correlation is an FFT-based method of rapidly extracting the relative shift be-
tween an image and a translated copy of the image. The Fourier shift theorem states
that multiplying a vector of N values, x, where 1 < n < N, by a linear phase
exp((2minm)/N) where m is an integer value, results in a circular shift of the out-
put frequency components X;. The kth value in the frequency vector is replaced by the
(mod(k-m,N)th value, i.e. Xy — Xj_,,, where here the modulo N has been omitted
for brevity. Multiplying the vector of frequency components by a similar phase term
results in a shift of the x,, components; the results are summarised in equations 6.4, 6.5
and 6.6.

./T"(Jin)k = Xk (64)

27

Fla - ey, = X, (6.5)
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F(Znom)p = Xp-e” N Fm (6.6)

These results can be understood via convolution theorem. The Fourier transform of a
product of two vectors is equal to the convolution of the two vectors’ transforms; the
linear phase factors in equations 6.5 and 6.6 are then dirac delta functions after trans-
formation, which have the effect of shifting any vector with which they are convoluted.

Now consider two discrete images defined on M x N grids in (z,y) space, g, and g,
where g, has been circularly shifted by (Az, Ay) to give g,. The corresponding Fourier
transforms in (u,v) space are then defined by equation 6.7.

(6.7)

The phase difference can be extracted simply by equation 6.8. The left hand side can
be rapidly calculated from FFTs of the original images, and then inverse transformed
to give a dirac delta function positioned in (z,y) space corresponding to the relative
image shift.

GaG;
|GaG|

uA A
:e27”(uMz “~)

(6.8)

While this result is exact for circularly shifted images, in practice the edges of each
image after a sample translation will be extraneous data, rather than ‘cycled’ pixels
from the edges of the previous image. Additionally, noise in the camera signal and
a static illumination source will mean that any regions of the sample visible in both
camera images will not necessarily yield identical readings at their two separate posi-
tions. Further, there is no guarantee that a translation of the sample will lead to an
integer number of pixels shifted on the camera. These factors were expected to act
as perturbations, such that the inverse transform of the left hand side of equation 6.8
would yield a sharp, yet non-zero width, peak. The position of the maximum value
of this peak would then correspond to the integer-rounded number of camera pixels
in x- and y-directions shifted between images. The robustness of the method to size
of shift, as well as other factors, has not yet been tested, though the camera field of
view was large compared to the viable intensity distribution shifting with the DMD, and
so the method has been accepted as satisfactory thus far without further error detection.

Figure 6.4 shows a comparison of the technique for the same intended distribution of
ablated features in BiTe. The final pattern consisted of an array of ‘X’ shapes, in
a bxb grid, such that the end points of each ‘X’ should touch the ends of adjacent
‘X’ features. The centre-to-centre separation of each ‘X’ was intended to be 30um.
Figure 6.4(a) shows the resulting structure with no image shifting on the DMD, when
the stage simply translates linearly along each row of features, incrementing by 30um
between exposures. In this case, it is clear that the largest point of error is at the start of
each row, when the stages have had to return to the initial x-position, and suffered from
backlash error. The majority of remaining ‘X’ shapes in this case align as expected quite
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well. In general, when laser machining, one cannot rely on translation stages translating
repeatedly in the same direction for the majority of a process; a spiral, or sinusoidal
positioning of features, for example, would require many reversals of direction. Figure
6.4(b) was then generated by approaching each position in the array from a position
randomly offset by a small amount in the (x,y)-plane, i.e. after each exposure the
translation stages would move to a random nearby point, and then to the intended next
exposure location. Clearly, the positional accuracy is much poorer across all machined
points in this case. Figure 6.4(c) then employed the same translation stage path as that
used in 6.4(b), but with mask shifting enabled. Images were recorded at each position,
and used to generate DMD masks with the same ‘X’ shape shifted by an appropriate
number of pixels in (x,y) directions to ensure that each exposure ablated material in
the intended region. Note that while the features appear more deeply ablated in Figure
6.4(a), and indeed were produced at a higher fluence, the relative intensities used here
are irrelevant provided feature placement can be observed.
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(a) Array of 5x5 ‘X’ shapes ab- (b) Array of 5x5 ‘X’ shapes ab-
lated in BiTe with a simple trans- lated in BiTe with each point ap-
lation path used. proached from a random direction

(c) Array of 5x5 ‘X’ shapes ab-
lated in BiTe with each point ap-
proached from a random direction
and image shifting enabled

Figure 6.4: A comparison of positional accuracy achieved with and without DMD image

shifting. These features were made using the 20x objective; on the live camera view of

the sample a resolution of 1.04pm was available, and represents the limit of repositional
accuracy with this objective.

DMD image shifting was able to correct for the ~10um backlash error of the translation
stages, in addition to other, smaller positional accuracy errors inherent to the stages.
The final accuracy was then limited by the resolution of the camera used to view the
experiment, rather than the stages used. In this case, the 50x objective was used on the
DLP3000 line, where a single DMD pixel corresponded geometrically to ~100nm. The
pi-shaper output on the DMD illuminated a circle of approximately diameter 500 pixels,
while the ‘X’ pattern was ~300 pixels wide and tall. This meant that the DMD image
shifting solution was capable of correcting for positional errors up to ~10um from the
ideal point of each feature. The calculation and new image-creation steps took around
1 second prior to each exposure; with no image-shifting, moving between points and
pausing to send a pulse also took ~1s. The time taken to complete the array was then
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effectively doubled, though this was with non-optimised code, and is expected to be
reduced in future versions.

Extensions to the phase correlation technique already exist to detect sub-pixel shifts
between images, as well as rotations and changes of size. Future work will focus on
implementing these extended features to DMD enabled image-shifting, as well as quan-
tifying and correcting for errors introduced by the perturbations mentioned previously.
DMD mask shifting allows improved accuracy when using low-cost translation stages,
and faster realignment than mechanical translation of a sample.

6.3 Continuous intensity control

As a result of the binary nature of DMD pixels, image projection-based machining in-
volving DMDs dynamic intensity masks thus far has aimed to project intensity patterns
of either a single intensity value, uniform across all ‘on’ pixels in the mask, or zero
intensity at regions corresponding to ‘off” pixels. In commercial projectors, DMDs over-
come this issue by rapidly switching between on and off states, to produce an averaged
greyscale value over a time period which is short compared to minimum timescales per-
ceived by the human eye. With a mirror cross-over time (time taken to switch between
‘on’ and ‘off’ states) in the microsecond range, this approach is of course not appro-
priate for greyscale, or ‘continuous’, intensity control when illuminating a DMD with
femtosecond pulses.

The diffractive and optical filtering effects seen in Chapters 3 and 5, sources of unwanted
image degradation previously, have in this section been exploited to achieve a close ap-
proximation to continuous intensity control. The method relies on the point-spread
function (PSF) of a single DMD pixel in an intensity pattern at the sample position
being large compared to the geometrically scaled down size of a single pixel, and is
similar to work by others Auyeung et al. [131].

In the previous work by Auyeung et al., DMD pixels were alternately switched on or
off in a checkerboard pattern of squares gradually reducing in size, such as that shown
in Figure 6.5(a). The researchers found that their material response became uniform
across the exposed region at some point between squares whose width was between 10
and 2 pixels, though these values would depend on the specifics of their setup. In the
current method, a greyscale field pattern of N x M points with values ranging between
0 and 1 was compared with a random matrix of values uniformly distributed between
0 and 1 of the same size. Any point where the greyscale pattern was greater than or
equal to the corresponding point in the random matrix was set to on in the DMD mask,
while any point lower than that in the random matrix was set to off. The result of a
5 x b checkerboard of value 1 and value 0.5 squares, each square being 56 pixels across,
is shown in Figure 6.5(b).
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(a) Array of 5x5 squares of alternating (b) Array of 5x5 squares of alternating
intensity 1 and 0. intensity 1 and 0.5.

Figure 6.5: Checkerboard patterns of on/off pixels as displayed on the DMD. (a) shows
the pattern used for binary intensity, while (b) shows that used for a three-level (0, 0.5
and 1) intensity pattern.

A simple approximation to the loss of higher spatial frequencies incurred in the setup
can be made by applying a low-pass filter on the 2D Fourier transform of the DMD
image, and taking the inverse transform. This was achieved by multiplying an N x N
(where the image will be cropped to N x M post-filtering) Fourier transform by an
aperture function element-wise; the aperture function was effectively an array of N x N
points where those within a set radius number of pixels of the centre were set to 1, and
those outside the radius set to 0. Results of low-pass filtering for the binary mask in
Figure 6.5(a) and generated continuous mask in Figure 6.5(b) for apertures of radii 100,
60 and 20 pixels are shown in Figure 6.6, where the absolute value of the final image in
the (x,y) plane orthogonal to the beam direction has been taken.
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(a) Binary image, aperture radius 100
pixels.

(c) Binary image, aperture radius 60
pixels.

(e) Binary image, aperture radius 20
pixels.

(b) Three-level intensity image, aper-
ture radius 100 pixels.

(d) Three-level intensity image, aper-
ture radius 60 pixels.

(f) Three-level intensity image, aper-
ture radius 20 pixels.

Figure 6.6: A comparison of the DMD masks in Figure 6.5 after optical filtering through
apertures of varying pixel diameters.

After filtering through the 100-pixel aperture, the image of the binary mask in Figure
6.6(a) shows little intensity outside of the intended ‘on’ regions. The 100-pixel filtered
grayscale image in Figure 6.6(b) shows approximately the 3 intended levels of field (0,
0.5 and 1) at the correct positions, though with some noise. This level of noise in the
grayscale images reduces as the aperture radius is decreased in Figure 6.6(d) and 6.6(f),
however the field distribution becomes less step-like, with more gradual transitions
between levels of intensity. For the binary images, reduced aperture sizes in Figures
6.6(c) and 6.6(e) lead to similar effects, with higher field amplitudes in the intended
‘off’ regions. Figure 6.7 shows a 1D plot of the absolute value of the field at each radius
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aperture for both binary and greyscale DMD masks, taken from the central row of each
each 2D pattern in Figure 6.6, to more accurately show the final amplitudes of the fields
in each case and highlight the trade-off between noise and accuracy of intended field
recreation when changing the aperture size.

(a) Field amplitudes for filtered binary mask.

(b) Field amplitudes for filtered greyscale mask.

Figure 6.7: 1D cut of the field amplitudes for the filtered DMD masks in Figure 6.5.

While the method has not reproduced the exact greyscale values desired, and variation
in the greyscale regions occurs in each test, the mean value in each case appears ap-
proximately correct. An in-depth analysis of the dependence of this variation on a given
pattern and aperture has not been performed, however an iterative correction technique
as used in the next section may aid the greyscale pattern design. Ablation in electroless
nickel at varying input intensities, greyscale levels and periodicity of repeating squares
in the checkerboard pattern were tested. Additional distributions were tested, including
concentric squares of alternating greyscale values, and continuous distributions. Figure
6.8(a) shows an array of 3 by 3 checkerboard patterns, where the maximum inten-
sity (assuming perfect imaging) would be 3.05J/cm2 on the bottom row, reducing to
2.92J/cm2 on the middle row and 2.80J/cm2 on the top row, and the greyscale regions
were set at a value of (from left to right) 0.25, 0.5 and 0.75. Figure 6.8(b) shows a
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similar array for concentric squares, where each square layer on the DMD was 16 pixels
wide. The 50x objective and DLP3000 line were used for these experiments.

(a) Checkerboard greyscale patterns.

(b) Concentric squares greyscale patterns.

Figure 6.8: Greyscale patterns ablated into electroless nickel.

Modulations on the order of ~ 50nm have been generated, while the patterns on the right
of each array in Figure 6.8 show a smaller difference between maximum and minimum
ablation depth, as would be expected for patterns produced via the smallest range of
greyscale values. It is important to recall that it is the matertal response to intensity
that determines the final ablation depth, rather than simply incident intensity, as in
Chapter 5; as can be seen on the left of Figure 6.8(a), imaged regions of the DMD
checkerboard mask where pixels were ‘on’ with probability 0.25 appear to have resulted
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in little or no ablation — the imaged intensity at these points may have been below the
ablation threshold. Figure 6.9(a) shows the minimum periodicity checkerboard pattern
achieved in electroless nickel, for similar intensities and greyscale values as before, while
Figure 6.9(b) shows the minimum achieved with concentric squares. The original data
associated with the interferometric images presented in Figures 6.9 through 6.3 is no
longer available, and the image files created at the time of measurement are shown. In
each case, a 2D depth profile is shown, with a 1D plot of the depth profile across a
single feature (highlighted by a gray bar in the 2D plot) shown beneath.

(a) Checkerboard greyscale patterns.

(b) Concentric squares greyscale patterns.

Figure 6.9: Greyscale patterns ablated into electroless nickel. The finest resolution of
modulations achieved for checkerboard and concentric square patterns are shown.
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It is of note that in many cases in Figures 6.8 and 6.9 the modulations reach an ampli-
tude greater than the surface of the surrounding material, i.e. raised ‘lips’ of material
at the border of exposed regions. This may be an artefact of the interferometric depth
measurement, or a result of the material undergoing a melt phase and resolidifying in
this structure.

Figure 6.10 shows three patterns with continuous, rather than step, changes in intensity.
The masks are shown in Figures 6.10(a) to 6.10(c). The ablated patterns from each of
these, respectively, with similar intensity input values to the previous figures, are shown
in Figure 6.10(d).

(a) Continuous (b) Continuous (c) Continuous
greyscale mask greyscale mask greyscale mask
used for first used for second used for  third
column of features column of features column of features

in (a). in (b). in (c).

(d) Interferometric depth measurement of the features generated us-
ing greyscale DMD intensity masks.

Figure 6.10: Greyscale patterns ablated into electroless nickel. While fidelity achieved
does not perfectly recreate the greyscale patterns used, a gradient of depth in the sample
is generated.

Clearly, at low level intensity regions ablation has not occurred. The masks in this case
were always varied between 0 and 1; in order to improve the technique, a threshold
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greyscale value at a given intensity for ablation must be determined, and allowed for
during mask generation. Nevertheless, a degree of depth gradient has been generated,
following the form of the greyscale gradient used during mask production.

In conclusion, the limited bandwidth of a system has been shown to allow greyscale
intensity mask projection using DMDs and ultrashort laser pulses. These masks have
been used for multi-level ablation depths in single exposures, with lateral resolutions of
~2um, close to those observed when projecting simple binary masks in Chapter 3. In
future, the ablation threshold of any material to be exposed with the technique must
be determined, and incorporated into mask generation; there is little benefit in a mask
where regions of pixels will be ‘on’ with probability 0.1, if the ablation threshold with
the exposure intensity to be used is not reached until pixels are ‘on’ with probabilty
0.5, for example. Additionally, an enhanced model for predicting the loss of particular
spatial frequencies would improve the technique — currently the aperture is assumed to
be at exactly the Fourier plane (as intended), and exactly centred on the beam line,
which may not be correct. Though a simple FFT-based method has led to the results
in this section, a simulated propagation befitting the actual experimental setup would
be more accurate.

6.4 OPC automation

OPC methods aim to alter an intensity mask such that subsequent to a beam’s propa-
gation through a system, alterations to the beam profile as a result of said propagation
return an intended image. The determination of how to generate an OPC mask such
that the resultant profile is as intended is then of great interest. The FFT-based, low-
pass filter approach in the previous section provides a rapid method for testing OPC
masks, for propagation through a lens and aperture to an image plane, giving complex
field information about the resultant beam profile.

By comparing the resultant field to the ‘ideal’ field, regions requiring correction can be
identified. Consider the case in Figure 6.11 — a highly stylised ‘Test’ image on a 1024
by 1024 pixel bitmap is used as the input image, as in Figure 6.11(a), and after passing
through an aperture of radius 50 pixels the absolute value of the resultant image field
is as shown in Figure 6.11(b). The difference between this and the ideal field is shown
in Figure 6.11(c). The ideal field here has been normalised to the mean absolute value
of the intended ‘on’ points in the resultant field, and multiplied by the corresponding
complex phase factor in the resultant field before subtraction. The purpose of this phase
factor is to ensure iterative corrections made to the mask interfere contructively. In this
section, only the final intensity is of interest, and so the phase profile across the final
image is free to vary.
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(a) Binary-valued bitmap of stylised word (b) Absolute field after the mask in (a) is im-
‘test’ aged through a 50 pixel radius aperture

(c) Absolute difference between imaged field
and ideal field

Figure 6.11: A simulated binary intensity mask of 1024 by 1024 pixels is imaged through

a circular aperture of radius 50 pixels: the resultant image is a poor recreation of the

mask. The images have been cropped to a region of 640 by 340 pixels for the figure.
Field values are in arbitrary units.

At this point, the difference between the resultant field and the ideal field is known,
and some method of updating the image mask to correct for this difference is needed.
Following the example of the Gerchberg-Saxton algorithm, it is then tempting to back-
propagate this new field information to the mask position as the next step. However, as
a result of the reciprocity of optical systems, any useful information extracted from the
resultant field must be contained in frequencies below the band-limit imposed by the
aperture. As the resultant field in Figure 6.11(b) is comprised entirely of frequencies
below the band-limit, and the difference field in Figure 6.11(c) is simply a linear com-
bination of the resultant field and the original mask (save for a phase factor), a simple
back-propagation of either at this point will yield no useful input for mask modification.

In order to predict the effect this aperturing has on the final laser machining fidelity,
additional considerations must be made. By considering the material response, as in
Chapter 5, useful information can be extracted from the resultant field. A detailed
description of the algorithm is given in Appendix C, and relies on allowing the field

127



to vary within thresholded values which are different for regions with intended ‘on’
intensity and ‘off’ intensity. The Random Complex Summation (RCS) method of rep-
resenting a complex field on a binary intensity mask is also explained in Appendix C, a
technique developed over the course of this PhD; as well as binary-rounding, a binary
hologram generation method used by others [162].

As an experimental test of the technique, an aperture was placed at the focus on the
DLP3000 line before the diagnostic camera, and closed to ~0.5mm diameter. As the
actual scale of the diffraction pattern produced with the imaging lens was unknown
a priori, the technique was used to prepare corrected masks for a range of simulated
aperture diameters. Figure 6.12 shows the results, for the four combinations of an
uncorrected /corrected mask, and open/closed aperture. More complex optical elements,
such as an objective lens, are expected to require more advanced beam propagation
techniques to provide accurate correction.

(a) Uncorrected mask, open aperture (b) Uncorrected mask, closed aperture

(¢) Corrected mask, open aperture (d) Corrected mask, closed aperture

Figure 6.12: Images taken on the DLP3000 via diagnostic camera under illumination

by a continuous train of 800nm ultrashort pulses. Note the fine line regions that are

recovered in (d) compared to (b); loops on the first ‘T’, the connecting line between ‘e’
and ‘s’, crossbar on the final ‘t’, etc.

6.5 Binary holograms

The feasibility of representing a complex field on a binary intensity mask, along with
arbitrary distance field propagation simulation, allows for the possibility of generating
binary holograms; masks comprised purely of on/off pixels at a set (or unadjustable)
phase, which will diffract into a desired intensity pattern at designated distances from
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the mask surface. Both an RCS-based hologram (RCSH) generation method and binary-
rounding paired with an adapted version of the Gerchberg-Saxton algorithm, referred
to as Gerchberg-Saxton Binary Rounding (GSBR) here, have been developed for this
purpose, and will be compared in this section. The steps of RCS and binary-rounding to
represent a complex field on a binary intensity mask are described in Appendix C. Here,
‘image plane’ will refer to the position an intended field pattern is formed, while ‘object
plane’ will refer to the position where the intensity mask, or DMD, is positioned. All
quantities stated are given in arbitrary units, unless stated otherwise. An in-depth dis-
cussion comparing the GSBR and RCSH algorithms is given in Appendix D, including
peak intensity control, greyscale control, 3D field control, phase control, and sub-pixel
image shifting.

For the remainder of this section, results will be generated using physical values approxi-
mately appropriate for the experimental setup. Masks will be generated on a 1024 x 1024
array, with each pixel representing a 10um wide DMD pixel, with a 320 pixel radius
section of the mask illuminated by a flat-top, in-phase field distribution unless stated
otherwise. For ease of relating to the scale of the DMD surface, axes and image dimen-
sions will be labeled in units of DMD pixel widths. The wavelength used for calculation
is 800nm, while the propagation distances are on the order of 10cm. The anti-aliasing
bandwidth-limiting method of [155] is used for ASM beam propagation, and each result
unless stated otherwise was generated in 100 iterations of the respective algorithm. The
majority of results are purely from simulation, and further complications remaining to
be solved for the use of binary holograms with the current experimental setup will be
discussed; however, an image resulting from a simple binary hologram under femtosec-
ond illumination taken on the DLP3000 line diagnostic camera will be shown at the end
of the section. The techniques presented in this chapter and Appendix D have formed
the basis for a successful Doctoral Prize Award application, which will provide 1 year
of funding to develop the underlying algorithms for use with ultrashort laser pulses and
apply them to laser machining, specifically for the production of three lines of medical
devices.

6.5.1 Single intensity, single image plane

As a first test of binary hologram production via both GSBR and RCSH, a hollow square
shape with linewidth of 5 pixels, and of width 100 pixels, with amplitude lau (arbitrary
units) was intended to be recreated at 10cm from the DMD surface. Figure 6.13 shows
the results after 1 iteration and 100 iterations of GSBR for the binary hologram to be
displayed on the DMD, and the simulated result after 10cm of propagation. Figure 6.14
shows similar results for RCSH.
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(a) Binary hologram after 1 iteration (b) Image at 10cm of initial hologram

(c¢) Binary hologram after 100 iterations (d) Image at 10cm of final hologram

Figure 6.13: Binary holograms and resulting images of a hollow square as simulated

with the GSBR algorithm. A very faint square image is visible after a single iteration in

(a); after 100 iterations the square image is clearer in (d), but a background of unintended
intensity still diminishes its contrast.

The hologram produced after a single iteration via RCSH in Figure 6.14(b) clearly re-
produces the hollow square more accurately than the GSBR hologram’s first iteration in
Figure 6.13(b), however both methods recreate the desired image at the final iteration.
Upon inspection, it seems that the RCSH may produce a more uniform intensity distri-
bution within the desired region, at the cost of a higher relative background intensity.
In order to measure this uniformity, as well as time taken to reach a near-optimal solu-
tion achievable with either method, the standard deviations of the absolute field values
within the hollow square shape was recorded at each iteration, with results shown in
Figure 6.15.

The results show that both methods reach a near-stable level of standard deviation by
iteration 20; the reason for a slight increase after iteration 20 for the GSBR method in
Figure 6.15(a) is not yet determined. While not definitive for all possible patterns and
depth projections, 100 iterations is taken to be sufficient to reach stable solutions for
the remainder of this chapter. The GSBR method reaches a stable deviation of around
0.6, while RCSH reaches approximately 0.02. Note that the peak intensity in each case
is different in Figures 6.13(d) and 6.14(d); the GSBR method peaks at around 6, while
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(c) Binary hologram after 100 iterations (d) Image at 10cm of final hologram

Figure 6.14: Binary holograms and resulting images of a hollow square as simulated
with the RCSH algorithm. The final square image in (d) is of much higher contrast than
that produced by GSBR in Figure 6.13(d).

the RCSH peaks at around 0.6. This is a consequence of the RCSH method relying
on amplitude as well as phase, while the GSBR method uses only phase — a higher
uniform amplitude square, when propagated back to the object plane, will result in the
same shaped distribution with proportionately higher amplitude. When compared to
the random matrix of complex values in the RCSH method then, this will ‘turn on” more
pixels, while it will have no effect on the on/off distribution generated in GSBR. After
normalising by the peak value, RCSH then has a standard deviation of 0.02/0.6 = 0.033,
and GSBR of 0.6/6 = 0.1, demonstrating that the RCSH method does indeed produce
a more uniform distribution.

6.5.2 Under femtosecond illumination

While the algorithms are not yet expected to be suitable for the production of holograms
under ultrashort pulse illumination, holograms intended to reproduce the stylised "Test’
image used in section 6.4 have been produced with both algorithms and the resultant
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(a) Standard deviation for GSBR method (b) Standard deviation for RCSH method

Figure 6.15: The standard deviation of absolute field value within the hollow square

regions at the image plane as a function of iteration number for the GSBR and RCSH

algorithms. Note the different y axes scales; the RCSH method in (b) displays a standard
deviation more than 10x below that of the GSBR method in (a) throughout.

image captured via the diagnostic camera on the DLP3000 line. The results are shown
in Figure 6.16.

Though the camera images recognisably produce the word ‘Test’, there is a great deal
of distortion compared to what one might expect from simulated results, on indeed,
from simply displaying an ordinary intensity mask and imaging at the regular imaging
plane, as in Figure 6.12(a). In particular, vertical lines are blurred strongly in the
camera images, and this is likely due to the high bandwidth in femtosecond pulses. The
problem is illustrated in Figure 6.17, where the grating structure of the DMD causes
dispersion at different wavelengths.

In both cases in Figure 6.17, there is a dependence on the wavelength of light for the
direction diffraction orders form from the DMD surface. These slight angular differ-
ences cause a negligible problem in (a), where the variation is analogous to a slight
misalignment of multiple beams of different wavelengths, sharing a common position
and distribution at the object plane. Beyond the lens, the multiple beam paths overlap
once more and form a crisp image. The effect is more problematic in Figure 6.17(b).
The BH produces the desired field distribution at some distance from the DMD surface,
with a continuum of laterally shifted copies resulting from different wavelengths (there
will be further distortion at any wavelength not equal to the exact one at which the
BH was generated for). When attempting to image the hologram plane, then, this is
analogous to multiple beams of different wavelengths, with the same distribution but
not a common position, and so the result is the image of a continuum of shifted images,
imperfectly overlapping.

This dispersion could be accounted for by the addition of a grating of opposite and
equal dispersion before the DMD, or perhaps by accounting for the continuum of wave-
lengths in silico. The technique as it exists currently could prove useful for various work
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(a) Binary hologram produced via RCSH (b) Binary hologram produced via GSBR

(¢) Live camera view of RCSH hologram image (d) Live camera view of GSBR hologram im-
age

Figure 6.16: Binary holograms produced via the two methods to image the word ‘Test’
10cm from the DMD surface. The live camera images shown were taken after imaging
the plane 10cm from the DMD through a lens on the DLP3000 diagnostic line.

involving narrower bandwidth illumination, however this was not the focus of this the-
sis and would have required restructuring of the beamlines during the course of other
work. Nonetheless, it is a promising avenue of development for DMD-enabled laser
micromachining.

6.6 Discussion and future work

Mask correction techniques have been applied to allow for a host of new functionality
when using DMDs as dynamic intensity masks. Beam propagation simulation methods
have allowed the generation, and experimental demonstration, of greyscale intensity
control, positional error correction, and rapid optical proximity corrections.

Surface depth modulations on the order of 10nm were shown resulting from greyscale
mask exposures of nickel samples, with the lateral resolution of these modulations being
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(a) Imaging of the DMD surface, sim- (b) Imaging of a hologram plane some
ple mask displayed on DMD distance from the DMD, binary holo-
gram displayed on DMD

Figure 6.17: The effect of dispersion on broadband illumination of DMD masks for
imaging.

on the few micron scale. The lateral resolution limit for step changes between greyscale
values will depend on other optical elements in a given experimental setup, and fac-
toring these into the mask design process more explicitly would enhance the method’s
value. Currently, the greyscale mask generation depends on a single comparison of a
multi-valued 2D array to a random matrix. For small regions, this could clearly result
in a large error in the final projected intensity. With knowledge of the PSF of a system,
the minimum region on the DMD within which pixel contributions at the image will
greatly interact could be defined, and then an annealing-type process could be used to
ensure that the correct proportion of mirrors are ‘on’ and ‘off” within the desired areas
of the masks.

The positional error resulting from translation stages has been ameliorated, with the
optical resolution of the camera in an experimental setup becoming the limiting fac-
tor. The bottleneck for this corrective step currently is the communication between
LabVIEW, the hardware-control software, and MATLAB, which handles the FFT cal-
culations. More streamlined software could allow this step to be applied with lower
impact on production time in future experiments. There is no detection of whether the
sample has stabilised position, instead an arbitrary wait time is set before taking each
image for calculation — some stabilisation detection would likely reduce this time cost.
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Additionally, the entire camera image of the sample position is used for the pixel-shift
calculation, while a small fraction of the image, at minimum containing a view of some
fraction of the previous sample position, would likely be adequate; the impact of reduc-
ing this image size of repositioning accuracy could be determined. The current camera
resolution is ~ 500nm, while the DLP3000 DMD imaged through the 100x objective
is capable of &~ 100nm shifts — detecting for sub-pixel shifts in the camera view would
allow for even more accurate corrections to be applied via mask shifting on the DMD.

Lost fine features in a beam line where high spatial frequency components were removed
via aperturing have been partially recovered with simple FFT-based beam simulations
and a novel method of representing a complex field on a binary mask. In order to
demonstrate the relevance to micro-machining, more complex optical elements, such
as collimating lenses and objective lenses, must be incorporated into the simulation of
iterative beam propagation.

A pair of binary hologram generation methods have been tested in simulation for
monochromatic illumination, showing multiple functionalities. 3D image control, con-
tinuous intensity control, phase control and sub-pixel repositioning all appear success-
fully demonstrated. The GSBR method followed the example of binary hologram ex-
amples in the literature, while the RCSH technique is a novel scheme which allows for
the phase control shown here. Despite the success in simulation of the method, it has
not shown high fidelity under femtosecond pulse illumination, as seen in Figure 6.16,
with the target field being the highly stylised word ‘Test’ used in section 6.4. DMD-
enabled binary holograms under femtosecond illumination have been shown, in 2016,
to greatly improve the fidelity of 2D laser micro-machining [163]; however using binary
holograms on the microscale for full 3D field control, greyscale intensity control and
sub-pixel shifting capability appears not to have yet been demonstrated in the litera-
ture. The enhanced binary hologram control described in this chapter and Appendix
D have formed the cornerstone for a year of future research, whose funding has been
awarded under the Doctoral Prize program, and will go on to be used for the rapid laser
micro-machining of 3D medical devices.
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Chapter 7

Conclusions and future work

Results produced over the course of this PhD will be summarised in this chapter. A
description of future work to be undertaken in each case will also be described.

7.1 Image projection-based subtractive patterning

Regions with lateral dimensions of ~30um and resolutions as low as ~2um were pat-
terned in various materials, including metals, polymers, glass and crystalline substrates.
The use of a DMD as a dynamic intensity mask in conjunction with sample translation
has allowed for distinct, and potentially unique features to be ablated in close proximity,

to build up complex structures with overall sizes of ~1lcm.

Structures with diffractive properties visible to the naked eye have been produced, and
a reverse-moulding technique has allowed the rapid prototyping of custom cell growth
assays for regenerative medicine. The precise stitching of regions patterned in separate
pulses after sample translation has remained a problem for the production of samples
where < 10pum accuracy in point-to-point positioning is desirable. The image-shifting
technique presented in section 6.2 could be applied in future to address this, though in
its current state this approach is only suitable to correct for positional errors when the
translation stages pause at the point of each exposure. A camera with a fast shutter-
speed may be sufficient to apply the technique while the sample remains in motion
during exposures.

The greyscale intensity control demonstrated in section 6.3, while requiring some cali-
bration depending upon choice of materials such that relative ablation depths are pre-
dictable, is ready to be applied generally in DMD dynamic intensity mask use with
pulsed laser sources. The immediate area where this control will find use is in the
generation of more complex cell growth assays, and will be developed during upcoming
work packages to be undertaken by the group. Additionally, correcting for aberrations
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due to loss of high spatial frequencies, as in section 6.4, will be implemented as a stan-
dard step in the generation of DMD intensity masks, for higher fidelity laser machining.

7.2 Laser-induced transfer

The first demonstration of shaped, solid phase material LIFT was made via the use of
DMD mask exposure was seen in Chapter 4. The deposits replicated alphabetical letter
shapes, and varied in overall size between 30-100um, with line widths between 10-20um.

LIBT of similar quality deposits was performed by another member of the group, who
also demonstrated nano-imprinted patterns on the LIBT deposits via the use of a pre-
machined carrier substrate. Shadowgraphy revealed the flyer dynamics in the LIBT
process, and the LIBT flyer release process was modelled based on a thermal expansion
model, with a similar distribution of laser fluence to flyer velocity being produced by
shadowgraphy and simulation.

LIT allows for the targeted deposition of donor material on substrates which would
usually make for difficult combinations (i.e. metal on polymer, for example). The ex-
tension of LIT to complex shapes of deposits enhances the technique for more general
use. Of particular interest for future work are the nano-imprinted structures demon-
strated via LIBT; micro-scale waveguides, or microfluidic chips could be deposited in
single exposures from a carrier onto surfaces of interest, without requiring the targeted
surface to undergo the usual development steps for producing such structures. If, as ap-
peared to be the case in section 4.2.2; the carrier suffers minimal damage during LIBT,
pre-machined carrier substrates with nano-scale features could be re-used, leading to a
rapid method of nano-scale feature production.

7.3 Multiple exposures

It was shown in Chapter 5 that features spaced by periods below the limit imposed
by diffraction achievable in a single exposure can be patterned with the use of multiple
exposures. The technique was demonstrated in nickel, BiSbTe and a multiphoton resist.
A reduction of resolution of 2x was found for the two-photon resist, which agreed with
the limit predicted from the literature. A reduction from 1um to 370nm was observed
when using the 20x objective, and from 727nm to 270nm when using the 100x objec-
tive, representing a greater improvement than was possible via a two-photon resist, and
the first such demonstration of the technique via ablation.

The structuring achieved via ablation with multiple exposures merits further explo-
ration; a proposed first order model recreates the observed structure, but this work was
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performed with identical intensity masks either translated or rotated. Using a DMD to
produce a final structure via the exposure of many distinct masks at the same location
would be a natural extension of the method. The technique should, in theory, apply to
any laser source, and such a general method for a simple reduction in feature resolution
is of course of interest to the laser machining community.

7.4 Binary holograms

Though little has been demonstrated experimentally, the potential for laser micro-
machining presented in section 6.5 is substantial. With the new functionalities of 3D
field control, greyscale control, phase control and sub-pixel shifting of images, binary
holograms offer the next revolutionary step in DMD image projection-based laser micro-
machining. This potential has been recognised with funding from EPSRC under the
Doctoral Prize Award scheme. Developing the hologram generation algorithms for im-
plementation with femtosecond laser pulses, as well as applying them for the rapid
prototyping of medical devices with collaborators from the field of health science, will
be the focus of research for the year subsequent to the submission of this thesis.
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Appendix A

Published Work

In this section, published papers relating to works described in this thesis are shown,
and a list of published works and presentations are given. The paper “Dynamic spa-
tial pulse shaping via a digital micromirror device for patterned laser-induced forward
transfer of solid polymer films” has been published in Optical Materials Express, the
paper “Fabrication of variable period grating structures via laser ablation using a digital
micromirror device” has been published in Applied Optics, and the paper “Laser ablation
via programmable image projection for submicron dimension machining in diamond” has
been published in the Journal of Laser Applications. “Laser-induced backward transfer
of nanoimprinted polymer elements” was published in Applied Physics A, and “Time-
resolved imaging of flyer dynamics for femtosecond laser-induced backward transfer of
solid polymer thin films” was published in Applied Surface Science.

D. J. Heath, M. Feinaugle, J. Grant-Jacob, B. Mills, R. W. Eason, Dynamic spatial
pulse shaping via a digital micromirror device for patterned laser-induced forward trans-
fer of solid polymer films

Optical Materials Express 2015 Vol.5(5) pp.1129-1136

D. J. Heath, B. Mills, M. Feindugle, R. W. Eason, Rapid bespoke laser ablation of vari-
able period grating structures using a digital micromirror device for multi-colored surface
1mages

Applied Optics 2015 Vol.54(16) 4984-4988

D. J. Heath, B. Mills, M. Feindugle, J. A. Grant-Jacob, R. W. Eason, Laser Induced
Forward Transfer of shaped solid polymer donors using a beam spatially modulated via
a Digital Multimirror Device

E-MRS 14 Materials Research Society Spring Meeting Lille 26-30 May 2014

D. J. Heath, B. Mills, J. Grant-Jacob, M. Feindugle, R. W. Eason, Multi-shot laser abla-
tion and digital micromirror device mask translation for sub-diffraction-limit machining
resolution
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Dynamic spatial pulse shaping via a digital
micromirror device for patterned laser-induced
forward transfer of solid polymer films
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Abstract: We present laser-induced forward transfer of solid-phase
polymer films, shaped using a Digital Micromirror Device (DMD) as a
variable illumination mask. Femtosecond laser pulses with a fluence of
200-380 mJcm? at a wavelength of 800 nm from a Ti:sapphire amplifier
were used to reproducibly transfer thin films of poly(methyl methacrylate)
as smal as ~30 um by ~30 pum with thickness ~1.3 um. This first
demonstration of DMD-based solid-phase LIFT shows minimum feature
sizes of ~10um.
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1. Introduction

In recent years, there has been much commercial interest and technological advances in
additive manufacturing, processes that enable the controlled addition of material onto a
substrate. Whilst there are a wide range of deposition techniques, a subset of methods for
micron to mm printed devices uses a focused laser beam to interact with a surface, causing a
localised reaction that results in the addition of material.

In these methods, a user controls the position of a laser spot, enabling a great deal of
flexibility with regards to the fabricated structure, as the path of the laser focus with respect
to the surface of the sample can be programmed to produce almost any desired pattern.
However, this processing method can be relatively ow due to the need to scan asingle laser
beam over a sample. An aternative method, the use of a fixed illumination mask, can be
considerably faster as no laser-scanning may be required, and hence can be ideal for the
manufacturing of alarge number of identical devices. However, this approach can be a costly
technique for rapid prototyping, where the printed device may need several design updates.
The use of a variable illumination mask however retains the advantage of both approaches,
namely the flexibility that allows rapid prototyping but also the speed advantage of using an
illumination mask.

In this paper we demonstrate the use of a spatia light modulator, namely a Digital
Micromirror Device (DMD), as avariable illumination mask for femtosecond laser pulses, for
the shaped deposition of polymer films with features as small as 10 um, via the technique of
laser-induced forward transfer (LIFT).

2. Laser-induced forward transfer

LIFT is an additive laser direct-write technique[1] in which laser pulses are used to transfer
solid, liquid or paste donor materials from a carrier substrate to a receiver substrate, as
shown schematically in Fig. 1. A single laser pulse is focused or imaged at the interface
between the donor and the carrier, such that a small volume of the donor, or an optiona
dynamic release layer (DRL) at this interface, absorbs a large fraction of the laser pulse
energy and undergoes an explosive phase transformation, propelling the remaining donor
material, referred to as the flyer, towards the receiver substrate.

In general, the use of aDRL [2], acting as a sacrificial thin film, leads to a more confined
absorption of the incident pulse energy and hence can result in a lower fluence required for
flyer propulsion, as well as less structural or functional damage to the donor and resultant
flyer. DRLs of metals[2,3] and polymers [4,5] have been successfully demonstrated. Due to
the high speed of the flyer (shadowgraph measurements have shown speeds varying from 34
ms™ [6] to ~2 kms™ [7]) and subsequent rapid deceleration when it collides with the receiver
substrate, the flyer can experience significant forces that can result in cracking or more
substantial damage. However, it has been shown [8] that use of an additional ‘soft’ compliant
receiver (such as polydimethylsiloxane (PDMS), deposited onto the receiver) can dampen the
forces sufficiently and thereby dramatically improve the integrity of the deposited flyer.



Fig. 1. Schematic of the LIFT technique, showing the use of a
laser pulse to deposit donor material onto areceiver substrate.

Most frequently, donor thicknesses of a few hundred nm to afew pm are used, though in
general the usable thickness of donor and final quality of the deposited flyer depend on
material properties of the chosen donor. Lateral dimensions of the flyer range from tens of
nm [9] to a few mm [10]. Pulsed lasers, usually ranging from nanosecond to femtosecond
pulse I(Zengths, can be used for LIFT, with typical energy densities of afew tens to hundreds of
mJ/cm”.

Until recently, the majority of LIFT research has used focused or imaged laser pul ses that
had a Gaussian or ‘top-hat’ spatial intensity profile, with circular or rectangular beam-shaping
(with extension to “smart beam shaping” in the work of Rapp et al. [11]), and hence, in these
cases, the shape of the deposited material followed these profiles. Whilst individual circular
deposits can be overlapped, for example for the fabrication of millimetre-length conductive
copper wires[12] via a donor-replenishment tool, this approach cannot be easily extended to
produce less simple 2D structures. In order to build up more complex structures, an
aternative approach, namely the use of a variable illumination mask (or spatial light
modulator, such asa DMD), has recently been explored [13].

DMDs can offer a significant speed advantage (30 kHz repetition rate devices are
currently possible [14]) over liquid-crystal spatial light modulators, and hence can enable
dramatically faster additive manufacturing, when used with an appropriately high repetition
rate laser. This paper describes results from use of a DMD, acting as an intensity spatial light
modulator, for the shaped LIFT of polymer films with minimum lateral dimensions ~30 um,
and builds upon recent results by Piqué et al.[13,15], which show DMD-assisted LIFT
(referred to as Laser Decal Transfer in their work) of a paste-like donor materia that
produces solid structures after post-processing. In our work, we demonstrate for the first time,
the use of avariable illumination mask for the LIFT of intact solid phase materials, which do
not require any post-processing step.

3. Thedigital micromirror device

The DMD used in this work was a Texas Instruments DLP3000 [16], which consisted of an
array of 608 by 684 individually controllable, ~7.6 um wide mirrors, arranged in a diagonal -
square lattice. The centre-to-centre distance between adjacent mirrors in the horizontal and
vertical planes was 10.8 um. Here, the mirrors are described as being either ‘on’ or ‘off’,
which refers to their angular orientation of either +12° or -12° respectively, relative to the
plane of the DMD surface.

Due to the periodic structure of the DMD, when working with a spatially coherent light
source, as was done in this work, multiple diffraction peaks were produced, where the output
angles of these peaks can be determined from the grating equation for non-normal incidence,
sin(é) - sin(fn) = mi/d, where 6, and 6, are the incident and diffracted angles, d is the mirror
spacing, 4 is the laser wavelength and m is the order of diffraction. In this case, the angular
orientation of the mirrors resulted in the mirror array acting as a blazed grating, which was
taken advantage of in this work in order to increase the percentage of diffracted light present
in asingle diffraction order.



4, Experimental setup

A Ti:sapphire amplifier was used to produce ultrashort (150 fs, 800 nm wavelength) laser
pulses with a maximum energy of 1 mJ at a 1 kHz repetition rate. The pulses were spatially
homogenized (using an AdlOptica ‘n-shaper’ model 6 6) to produce a ‘top-hat’ spatial
intensity distribution. The homogenized pulses were incident onto the DMD, where they
underwent diffraction into multiple orders. By choosing an incident angle of ~24° (taking
advantage of the blaze angle), the m=5 diffraction order (at an optimal output angle of 0°)
contained ~30% of the incident pulse energy. A collimating lens captured the chosen order,
which was then imaged using a 50x or 20x infinity-corrected objective onto the DRL, as
shown in Fig. 2, to replicate the binary pattern loaded on the DMD as a spatial intensity
profile at the DRL. A diagnostic beam line, consisting of a flip mirror (FM), lens (L1) and a
CMOS camera, enabled the surface of the DMD to be imaged for alignment purposes. The
beam path used for LIFT consisted of two mirrors (M2 and M3), a collimation lens (L2), a
dichroic mirror (D) and the imaging objective (50x or 20x). A white light source (WL)
alowed viewing of the sample in real-time as it was imaged back through the objective and
dichroic onto a second CMOS camera. The sample was loaded on a 3-axis stage, which had a
positional accuracy of ~1 pum and 50 mm total travel in each direction. By sending
monochrome bitmap images via computer to the DMD, all mirrors were switched to their
intended on/off positions.

Fig. 2. Schematic of the experimental setup.

The carrier substrate (a glass dlide, Electroverre extra-white) was coated with either a 30
nm gold or 50 nm thick carbon film via sputtering or evaporation respectively, both acting as
aDRL. The donor used throughout the experiments was poly(methyl methacrylate) (PMMA,
a common material in micro-optical-electro-mechanical system production, purchased from
MicroChem), prepared on the receiver substrate via spin coating, resulting in a 1.3 um thick
layer. The receiver had a ~10 um thick spin-coated PDMS layer, acting as a compliant
receiver. The donor and compliant receiver were placed in contact during the LIFT processin
order to reduce the possible rotation of the flyer during transfer. Previous work [6] has shown
instability even in approximately rotationally symmetric flyers — the highly asymmetric
shaped flyers demonstrated here would likely be released in a non-uniform fashion, leading to
an increased chance of damage.



5. Experimental results

Projected spatial intensity patterns (a selection of alphabetic letters) ranging in complexity
and size were trialled for a range of laser fluences, in order to determine the optimal
conditions for the LIFT of the chosen samples. Scanning electron microscope (SEM) images
of individual deposited structures are shown in Fig. 3, with insets displaying the DMD
patterns as loaded (and hence the projected spatial intensity profile) when the laser pulse was
incident on the DMD surface. Fig. 3 shows a comparison of the deposited structures using (a
d) a 50x objective and fluence of 300 mJcm?, and (e-h) a 20x objective and fluence of 270
mJcm?. For the 50x objective, the size scalesin the letter ‘B’ and ‘S appear to be at the limit
of what is possible for this particular material, as the features were not reproduced correctly.
For the 20x objective, the size scales were larger and both the letter ‘B’ and ‘'S were
reproduced accurately. While many letters were reproduced successfully using the 20x
objective, with maximum lateral dimensions of ~70 um, the quality of some, such as ‘S,
remained low until they were produced at lateral dimensions of ~100 um (note the smaller
scale bar in Fig. 3 (h)). At this size, the entire alphabet was deposited accurately. In general,
for successful LIFT, the region on the donor that is illuminated by the laser pulse must break
free from the surrounding donor material, via the explosive phase transformation caused by
absorption of the incident laser pulse. There is therefore a limit to the minimum width of a
feature that can be successfully removed from the donor viathe LIFT process, and is a value
determined predominantly by the material properties and dimensions of the donor, and the
presence of a DRL — an evident concern in the LIFT of solid donor material when compared
to the LIFT of pastes by Piqué et al. [15], which could much more easily break free of
surrounding donor. This limit is observed in Fig. 3, where the features in (a-d) are too small
to be removed in the same shape as the projected intensity pattern, whilst the featuresin (e-h)
are amost perfectly replicated. Evidently in (a-d), the deposits minimum feature sizes are
larger than they would have been, had the deposit been a perfectly minified version of the
projected intensity patterns (also shown as the insets).

Measurements showed that when using a 50x objective to produce deposits of size ~30
pm, athough the overall size of ~30 um corresponded to the minified image projected from
the DMD, minimum feature widths in each deposit were ~10 pm, which were 3-3.5x as wide
as in the imaged DMD masks. For the ~70 um sized deposits in (e-g), minimum feature
widths were ~15 um and 1.5-1.7x those in the imaged intensity patterns. For the ~100 pum
deposit in (h) and also in Fig. 4, minimum feature widths were ~20 um and 1.3-1.5x wider
than the intended minified features projected from the DMD. We attribute these discrepancies
between the projected intensity pattern and the shape of the depositsin (e-h), in particular the
fact that the deposits have curved (rather than square) cornersin (b-d, f-h), to the difficulty in
removing a section of the donor that had such sharp features, and hence the typicaly
chamfered results on LIFTed deposits.

Although the results shown in Fig. 3 (a-d) corresponded to the use of a 30 nm gold DRL
and (e-h) with a 50 nm carbon DRL, in general the particular characteristics of the DRL were
not found to affect the quality of the deposit, but rather only the amount of fine debris present
after the LIFT process, which generally resided on top of the deposit (visible in (a-d) but not
in (e-h)). In order to test the adhesive qualities of the deposits and to demonstrate the
applicability of this technique for additive manufacturing, the sample was left in a sonication
bath filled with distilled water for 30 minutes, and out of a total of approximately 300
deposits, all of the deposited structures remained in place.



Fig. 3. SEM images of 1.3 um thick polymer structures deposited via LIFT onto a PDMS-
coated glass dide, with the inset images showing the projected spatial intensity patterns, for (a
d) a fluence of 300 mJcm?2 using a 50x objective and a 30 nm Au DRL and (e-h) a fluence of
270 m¥cm2 and a 20x objective with a 50 nm carbon DRL. Note the different scale bars on
the figures.

Fig. 4 demonstrates the effect of a variation in pulse energy on the deposited polymer
structures, over a 25% range in laser fluences, with values reducing from 300 mJcm? (left) to
235 mJem? (right) in steps of ~17 mJcm?, for a series of letters. The shapes appear to be
deposited similarly across this range. Successful deposition of shaped polymer structures was
aso achieved outside this range. In general, fluences from 200 mJcm? to 380 m¥cm? were
found to yield high-fidelity deposits, for all letters, hence demonstrating robustness to energy
fluctuations and reproducibility across an extremely wide variability of different shapes. As
each deposit only requires a single laser pulse, large areas of sample coverage can be
achieved by taking advantage of the high refresh rate of the DMD (hence allowing each laser
pulse to be used to deposit a different shape) when using a high-repetition rate laser.



Fig. 4. SEM image of an array of different shaped polymer deposits using a 50 nm thick
carbon DRL and 20x objective, for arange of laser fluences reducing from 300 mJ/cm? to 235
mJcm?. The insets show the projected intensity profiles.

In order to show another facet of the applicability of a DMD as a variable illumination
mask for LIFT, multiple unconnected structures were deposited simultaneously using asingle
pulse. This approach is demonstrated in Fig. 5, where SEM images show a two by two array
of sguare deposits, for two different projected intensity patterns, namely (@) confined and (b)
sparse, for the same conditions as in Fig. 4, save for the use of different fluences. In solid-
phase LIFT of PMMA, additional donor material around the edge of the intended flyer can be
gjected as the flyer shears free from the donor. In Fig. 5 (&), the minimal separation between
squares is reflected in the lower quality of the deposited structure, where additional and
unintended donor material was gjected from the donor, resulting in the square deposits being
larger than the corresponding intensity profile on the donor.

Fig. 5. SEM images of arrays of two by two squares that were deposited simultaneously via
the LIFT technique, with squares of different sizes and separations displayed on the DMD.
Donor, receiver, objective and DRL are as in Fig. 4. Produced at fluences (a) 250 mJcm? and
(b) 270 mJ¥cm?. The inset shows the projected intensity pattern.

6. Conclusion

In conclusion, we have presented the use of a DMD, acting as a spatia light modulator, for
laser-induced forward transfer of shaped 2D deposits from a solid thin polymer (PMMA)
film, with lateral dimensions as small as ~30 um by 30 pum, and minimum features of 10 um.
This first demonstration of DMD-assisted LIFT of solid, intact donors without the need for
additional post-processing for the placement of structures with controllable shape and
position with high repeatability and adhesion provides added versatility to the LIFT process.
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A digital micromirror device has been used to project variable-period grating patterns at high values of demag-
nification for direct laser ablation on planar surfaces. Femtosecond laser pulses of ~1 mJ pulse energy at 800 nm
wavelength from a Ti:sapphire laser were used to machine complex patterns with areas of up to ~1 cm? on thin
films of bismuth telluride by dynamically modifying the grating period as the sample was translated beneath the
imaged laser pulses. Individual ~30 by 30 pm gratings were stitched together to form contiguous structures,
which had diffractive effects clearly visible to the naked eye. This technique may have applications in marking,

coding, and security features.
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1. INTRODUCTION

Laser-based manufacturing and direct laser-writing techniques
offer unique benefits in terms of reduced fabrication and
processing times when compared to techniques that require
multiple steps such as photolithography or chemical etching.
While mask-based processing is routinely used when identical
and often intricate patterning is to be repeated many times, for
example, in the semiconductor industry, if a variable or bespoke
pattern is required on a shot-to-shot basis a different approach
must be adopted. Serial processing using laser machining is a
very straightforward method but does have some drawbacks
in terms of the repetitive sample translation required, which
must take account of absolute stage position, the time penalties
associated with stage acceleration/deceleration, as well as
mechanical problems such as backlash. Although optical rather
than engineering solutions can be invoked to offset some of
these constraints, such as the use of multiple foci [1] via the
use of diffractive optical elements, the ability to process an en-
tire image in a single laser pulse can achieve the best of both
worlds. This way a given pattern can be produced at a predeter-
mined position followed by sample translation before the next
and different pattern is produced.

Femtosecond pulses have been used previously in the pro-
duction of grating structures, commonly fiber Bragg gratings
[2—4]. In these cases phase masks were used in combination
with incident light to create a refractive index change in the
target material. A more complete review of femtosecond-fiber
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Bragg grating production can be found in [5]. Focused spot
scanning of femtosecond pulses has also been used to write fiber
Bragg gratings [6] as well as ablate grating structures at a scale
visible to the naked eye [7]. Two-beam interference of femto-
second pulses has been shown to produce grating structures
deep within materials [8] and with sub-wavelength periods
[9]. In this paper we demonstrate the use of femtosecond laser
machining using a digital micromirror device (DMD) that can
display arbitrary binary patterns that are imprinted onto the
incident laser pulse for machining of thin-film materials in a
single laser pulse. We illustrate the versatility of this technique
by machining multiple (many thousands) of individual diffrac-
tion gratings, each of which can have a unique period, for ap-
plication in surface marking to produce a final colored image
with a size of ~1 cm?.

A. Image-Projection-Based Laser-Ablation

Image-projection-based machining, achieved through the shap-
ing of a laser pulse via a spatial light modulator (SLM), can
enable an entire pattern to be ablated in a single laser pulse
rather than via the serial raster-scanning approach whereby a
focused beam is moved along a predetermined path on the
sample. SLMs, such as liquid crystal (LC) [10,11] or DMDs
[12,13], allow modification of their transmission or reflective
properties, and hence can enable the modification of the phase
or intensity of a laser pulse. While LC SLMs can offer both
intensity and phase control, DMDs typically only enable



control of the reflected intensity profile. However, DMDs can
offer significantly higher switching speeds, where >30 kHz is
available in some models compared to around 1 kHz for the
fastest LC SLMs [12,14]. DMDs therefore have the potential
to enable significantly faster machining if each laser pulse re-
quires a different spatial profile. In this paper we show a sig-
nificant improvement on previous work where the concept of
high-resolution image-projection-based laser-machining via
DMBDs was initially demonstrated [15]. We offer a proof-of-
principle approach for using a DMD for both rapid and precise
machining of a planar surface.

2. EXPERIMENTAL SETUP

A1 m], 150 fs pulse-duration, 1 kHz repetition-rate, 800 nm
wavelength, Ti:sapphire amplifier was used (see Fig. 1 for
details) in combination with a Texas Instruments DMD
(DLP3000 [16]). The laser pulses were first spatially homog-
enized via a refractive beam homogenizer (7-shaper) in order to
ensure that all mirrors on the DMD were illuminated with
equal intensity. As discussed previously [15], the DMD used
for this work consisted of 608 by 684, individually controllable,
7.6 pm width, aluminum mirrors. Each mirror could be inde-
pendently positioned at an angle of either +12° or ~12° relative
to the DMD surface, and these specifications are given in
Table 1. In this work we refer to these two angular positions
as on or off, respectively. In our experimental setup, these two
positions determined whether the specific mirror projected
light toward the sample (on) or a beam dump (off). The
laser-ablated pattern on the sample was therefore a demagnified
version of the binary image displayed on the DMD.

In practice, a black/white image file, corresponding to
the desired projected intensity profile, was sent via computer
to the DMD, which reset all the DMD mirrors to their in-

tended on/off positions. In all subsequent descriptions, for ease

Fig. 1. Experimental schematic showing a 150 fs pulse homog-
enized to a top-hat spatial intensity, reflected from a mirror (M) onto
the DMD. A single diffraction order (the 72 = 5 horizontal, 0 vertical)
was reflected via two more mirrors and imaged via a lens (L) and a 50x
objective onto the surface of the sample, via a dichroic mirror (D),
which allowed real-time viewing of the sample via a CMOS camera
under illumination by a white-light source (WL). Other diffraction
orders from the DMD were not collected. A flip mirror (FM) was
positioned after the DMD to reflect to a second CMOS camera to
inspect the intensity profile.

Table 1. DMD DLP3000 Specifications

Property Specification
Micromirror array size 608 x 684
Micromirror dimensions 7.6 pm x 7.6 pm
Micromirror material Aluminum
Micromirror tilt angle +12°
Maximum refresh rate 4000 Hz
Micromirror crossover time 5 ps

of interpretation, white pixels on an image file correspond
to mirrors in the on position while black pixels correspond to
mirrors in the off position.

An important consequence of the periodicity of the DMD
mirrors was that when using a spatially coherent incident beam,
the DMD behaved as a two-dimensional (2D) grating and
hence produced a 2D array of diffraction peaks. However, each
diffraction order contained the spatial frequency information
corresponding to the on/off state of all of the DMD mirrors,
and hence only a single diffraction peak needed to be imaged on
to the sample. The DMD mirror tilt of +12° in the horizontal
plane enabled its operation as a blazed grating. By choosing
angles of incidence and reflection of ~24° and ~0°, respec-
tively, in the horizontal plane, diffraction into a single (the
m = 5 horizontal, 0 vertical) order was maximized and con-
tained >30% of the incident pulse energy.

The selected single diffraction order was imaged via a lens
and a 50x objective onto the surface of the sample with a cor-
responding measured demagnification of 85 times. The sample
was mounted on a three-axis translation stage (Thorlabs APT
stepper motor) with each axis having a total travel of 50 mm.

3. EXPERIMENTAL RESULTS

We illustrate the procedure involved in the fabrication of var-
iable period grating arrays via a simplified example in Fig. 2,
which shows the machining of individual letters into a surface.
In all results shown, the target sample was a 750 nm thick bis-
muth telluride film on a glass substrate. The energy density
used to produce the sample in Fig. 2 was ~90 m]J/cm?. The
ablation threshold of the bismuth telluride film was found to be
approximately 35 mJ/cm?. Figure 2(a) shows a scanning elec-
tron microscope (SEM) image of a letter A, which was ablated
using a single laser pulse. The inset shows the pattern that was
present on the DMD. Figure 2(b) shows an SEM image of six
different letters where each letter was also ablated using a single
laser pulse with the DMD pattern updating and stage move-
ment after each pulse. In this example however, the sample was
actually moved continuously and the timing of the updating
process on the DMD was linked to the activation of the
Pockels cells in the laser amplifier, which resulted in the gen-
eration of a laser pulse. Although only six adjacent letters are
shown in this case, this procedure can be repeated indefinitely
to produce any desired final pattern by controlling the stage
movement in 2D. See Fig. 2(c) for an example.

In this image the vertical direction corresponded to the axis
undergoing continuous translation with the horizontal position
being shifted by one step after each completed vertical line. As
seen in Fig. 2(c) there are regions where the DMD pattern was



Fig. 2. Demonstration of the image-projection machining tech-
nique in 750 nm thick bismuth telluride at a fluence of 90 mJ/cm?
showing (a) ablation of a single structure (with the DMD pattern
inset). (b) Ablation of six distinct structures, machined using six
sequential laser pulses and (c) 2D contiguous array of machined
structures.

not changed between pulses so that blocks of identical text could
be machined at will within the 2D pattern. The automated proc-
ess, which combined the laser pulse generation, stage movement,
and DMD update process required an input sample map, which
specified the structure that should be ablated at each position on
the sample. In practice, the sample map was a 2D array of num-
bers where each number corresponded to a particular DMD
pattern. For the case in Fig. 2(c), the sample map was a 2D array
that consisted of the set of numbers (1-6), which corresponded
to the projected patterns (A—F).

A. Fabrication of Grating Structures

To produce grating structures, the DMD patterns were speci-
fied as a set of parallel lines whose spacing and linewidth were
both under computer control. Figure 3 shows the DMD pat-
terns used together with corresponding SEM images of struc-
tures that were ablated in single pulses. Different grating
periods corresponding to (a) 2.0 pm and (b) 2.5 pm are shown.

Fig. 3. Schematic showing the DMD pattern and an SEM image of
the corresponding grating that was ablated in a single pulse in 750 nm
thick bismuth telluride at a fluence of 90 mJ/cm? for grating periods
of (a) 2.0 pm and (b) 2.5 pm.

The ablated gratings in Fig. 3 produced from a single laser
pulse were found to be of sufficient definition (spatial resolu-
tion and depth) to produce observable diffraction under white-
light illumination, displaying a color that was a function of
grating period, illumination, and viewing angle. Using the ap-
proach described in Fig. 2, where a sample map was used to
specify the structure that should be ablated at each position
on a sample, it was possible to ablate an array of gratings that
when photographed, appeared as a 2D array of differently col-
ored squares. Figure 4 shows an example of this approach where
the sample map consisted of two different DMD patterns
corresponding to two different grating periods. The upper pat-
tern in Fig. 4(a) was used to display color corresponding to the
letters DMD, and the lower pattern to generate the colored
background. Figure 4(b) shows a photograph of the final dif-
fractive structure of size 9 by 7 mm, which contains 70200
separate gratings written at a fluence 90 mJ/cm?, with grating
periods of 2.0 and 2.5 pm for the letters and background, re-
spectively. Due to the close proximity of the camera to the sam-
ple when taking the photograph, the viewing angle dependence
translates into a variation in diffracted color across the sample
in the horizontal direction. Therefore, the three letters that
formed the word DMD display a color gradient. At a longer
distance of ~50 cm, when viewed by eye, all three letters dis-
played the same diffracted color.

B. Fabrication of More Complex Grating Structures

The results in Section 3A showed the effect of using a sample
map that contained just two grating periods. The next step was
to extend this concept to multiple grating periods to fabricate a
more complex sample. Figure 5 shows the effect of using 9 dif-
ferent DMD patterns, each with a different period, to form a



Fig.4. Schematic showing (a) two different DMD patterns; (b) pho-
tograph of a 2D array of these structures ablated in 750 nm thick bis-
muth telluride with each structure ablated at a fluence of 90 mJ/cm?.
The letters and background correspond to grating periods 2.0 and
2.5 pm, respectively.

sample of size 9 by 7.5 mm [see Fig. 5(a)] comprising ~43, 000
gratings. The sample map was defined to reproduce the
appearance of the Morpho butterfly, whose wings display a
striking blue color due to their grating-like structures, typically
of period ~1 pm [17].

The colors produced in Fig. 5(a) varied from blue to red in
the horizontal direction due to the position of the camera
and direction of incoming ambient light. When observed by
eye at a larger distance, the reduced incidence and output angles
correspondingly resulted in a reduced spectral range at the eye,
i.e., gratings of identical period from different regions of the
sample appeared as the same hue when viewed from a large
distance. This can be seen in the inset of Fig. 5(a). The varia-
tion in color along the vertical direction was caused by varia-
tions in the period of the gratings that were ablated in the
sample, where the position and periods of the ablated gratings
were chosen in order to replicate the appearance of the vein-like
detail present on butterfly wings. While we have demonstrated
here a butterfly profile, many other patterns such as a logo or an
identification code could also be readily produced. Figure 5(b)
shows an SEM image of a small section of the fabricated
structure and demonstrates the variation in the period of several
adjacent gratings (2.16, 2.06, and 2.13 pm). The maximum
resolution of the detail on the butterfly wings corresponded

Fig. 5. (a) Photograph of light diffracted from a 2D array of grating
structures with an inset showing a photograph of the structure from a
greater distance, which displays more symmetric coloration. (b) SEM
image of a section of the sample showing a variety of different grating
periods. The sample substrate is 750 nm thick bismuth telluride, and
each grating structure was produced at a fluence of 90 m]J/cm?.

to the size of the individual gratings at ~30 pm. The region
outside the butterfly profile was not ablated to increase the

visibility of the fabricated sample.

4. DISCUSSION

Although the maximum repetition rate of the laser used was
1 kHz, it was operated at ~8 Hz for these trials, which were
limited by the maximum stage speed and acceleration rate at
our disposal. This should not be considered as an intrinsic
manufacturing limitation. The sample shown in Fig. 4, which
contained 70200 gratings, took a total time of 150 min for
fabrication. With faster stages, at the maximum repetition rate
of the laser of 1 kHz, the total fabrication time could be re-
duced to just over one minute. Although the work presented
here used a 750 nm thick bismuth telluride-compound semi-
conductor film on a glass substrate, other materials, including
metals, ceramics, and polymers, were also successfully laser-
machined using this technique. Bismuth telluride’s high



absorption at 800 nm wavelength [18], and hence efficient
ablative machining with our laser source, led to its predominant
use in this work.

The smallest grating period achieved (2.06 pm) was com-
parable to many results presented in [2—6], though larger than
the smallest reported period of these of 1.07 pm [6]. The in-
terferometric gratings produced in [9] achieve yet smaller re-
sults of 400 nm, though it should be noted that all of these
results are produced by specialized grating-production meth-
ods. DMD  image-projection-based laser-ablation, however,
is suitable for the writing of more diverse patterns. This shows
that image-projection laser-ablation using a DMD can yield
results comparable in feature size to custom-built phase masks,
while machining areas with non-identical patterns.

5. CONCLUSION

In conclusion, we have demonstrated an image-projection-
based laser-machining technique for writing a large number
of unique patterns into a range of materials using a DMD
as an intensity spatial light modulator. Feature sizes on the or-
der of 1 pm were produced and regions of tens of square milli-
meters were patterned with further dramatic improvements in
speed possible with faster stage movements. We anticipate this
flexible and versatile machining technique to find applications
in a range of laser-based machining applications that could
include bespoke or personalized security markings for high-
value items.

Engineering and Physical Sciences Research Council (EPSRC)
(EP/J008052/1, EP/L022230/1).
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I. INTRODUCTION

The technological advances in the development of fem-
tosecond lasers over the past few decades have established a
wealth of applications in photonics, material science, and
medicine. Of particular importance is the quality of ablation
that can be produced when these ultrashort laser pulses are
incident on a target material, as a very limited amount of
damage will occur to regions adjacent to the irradiated area,
as effects, such as shock waves and heat conduction, which
are typically associated with nanosecond pulses, are no lon-
ger important, due to the shorter timescales involved.'

However, whilst femtosecond pulse machining can pro-
vide very high quality material-removal, typically machining
is performed in a serial process, where a focussed laser spot
is raster-scanned over the target material to produce the
desired final structure. Understandably, therefore, there is a
need to minimize the total machining time, while simultane-
ously maintaining the flexibility to machine patterns of arbi-
trary spatial extent. Several options are available, either
through a greater degree of freedom via programmed move-
ment of the beam or sample stage or by using an image-
projection-based machining technique, where a complete
pattern or image is machined via a single laser pulse, to
achieve the desired structure. The difference between these
two approaches can be envisaged by considering the process
of machining a pattern, such as a capital letter E, by either
sequentially ablating the horizontal and vertical lines that
constitute the shape of the letter (serial or linear processing)
or shaping the laser pulse spatially into a letter E, and per-
forming the ablation via one single pulse (which we term
image-projection-based ablation).

Galvanometer scanning,” in which the angular position
of a small and light mirror is digitally controlled to reflect
the laser focus to the desired point on the target, can often
provide faster relative beam movement than can be achieved
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by the equivalent, but much slower, translation of a more
massive sample stage. However, the maximum area that can
be machined with high precision may be relatively limited
using galvanometer scanning, as the 2D surface, correspond-
ing to the possible foci positions, is curved, and hence
regions that lie far from the normal on-axis position on the
sample will inevitably be out of focus, unless a spherically
concave-shaped sample or additional focussing optics are
used. Multiple foci,? such as those produced via propagation
through a diffractive optical element, can be used to pattern
multiple, but identical, regions simultaneously, and this tech-
nique can work well for a standard repetitive or periodic pat-
tern. However, each machined structure will be identical,
and hence this technique cannot be used for machining struc-
tures that either are aperiodic or are intended to be different
for each of the multiple focussed spots. Other improvements
on the direct write process include the projection of interfer-
ence patterns on the surface and inside bulk samples for the
fabrication of photonic crystal structures,* the use of multi-
lens arrays for the ablation of periodic structures,” and the
projection of intensity masks to aid the quality of the fabri-
cated structures.® These serial processing approaches, whilst
clearly being able to machine complex features when scan-
ning the laser focus or sample stage, are generally considered
to be slow compared to a parallel machining approach,
where the entire complex pattern could be machined ideally
in a single laser pulse without the need for any scanning or
sample moving. For this reason, an alternative approach,
namely, using a spatial light modulator (SLM), presents an
excellent solution to the problem.

A. Spatial light modulator approach to ablation

SLM, which include liquid crystal” and digital micromir-
ror devices (DMD),® enable image-projection-based machin-
ing, where, instead of performing laser machining using a
single focussed spot, an entire pattern can be machined at
once, hence offering the opportunity for dramatic

© 2014 Laser Institute of America



041501-2 J. Laser Appl., Vol. 26, No. 4, November 2014
improvements in machining speed. In general, liquid crystal
modulators can enable both intensity and phase control of
the light, whilst DMD operation allows only a binary on/off
intensity modulation. In this work, the DMD approach was
chosen, as this offers several important advantages over the
liquid-crystal approach, namely, a higher refresh rate
(30kHz is possible as of April 2014), lower cost (the basic
DMD chip costs only a few hundred Dollars), and a rela-
tively high damage threshold (~1 mJ/cm? being typical for
fs pulse durations in our experience, for damage free opera-
tion at the 100 000 pulse level), and generally slightly higher
than typical damage thresholds for liquid crystal SLMs of
100 uJ/em? to 1 mJ/cm?.® The ability of a liquid crystal SLM
to control the phase of the beam'® was not required in the
work reported here, as the intensity pattern on the device
was directly imaged onto the target sample, and therefore
only intensity control was needed.

In the case of image-projection-based machining using a
DMD, each square mirror, which is generally of size
~10 x 10 um, is either in the “on” or “off” position, corre-
sponding to whether laser light will be imaged via reflection
from that mirror onto the sample. Therefore, the DMD acts
as a binary intensity SLM, rather than a “greyscale” intensity
modulator, where each mirror therefore projects a square pat-
tern of light towards a specific point on the sample (mirror in
the “on” position) or to a beam dump (mirror in the “off”
position).

Use of all the mirrors in a typical DMD device could
therefore allow projection of an image that contains up to
IM individually addressable pixels; however, for our work,
the magnification in the system meant that each mirror
scaled geometrically to ~60nm, which was well below the
diffraction limit (see Ref. 11 for a discussion on this topic),
and so for this work, rather than using single lines of mirror
in their “on” position, we used lines of greater than ten mir-
rors, corresponding to ~600 nm on the target sample. The
positional accuracy of each projected mirror on the sample
was dependent on the fidelity of the scaled-down spacing of
the mirrors on the DMD, rather than the accuracy of the
stage movement, as would be the case for the serial-beam-
writing process as described earlier.

Previously, we have applied this image-projection-based
machining technique to the machining of highly absorbing,
thin films."" We now present our results for machining of di-
amond, one of the most demanding materials for laser proc-
essing. In this work, the laser fluence on the DMD was
approaching the damage threshold, and hence care must be
exercised during ablation trials. The practice we adopted was
to work just below the damage threshold for the DMD and to
use multiple pulses (10 per image), to ensure good quality
machined features as shown in Sec. III.

The underlying rationale for our diamond machining tri-
als was threefold: first, diamonds represent perhaps the ar-
chetypal high-value item and are hence a prime candidate for
security marking via a unique stamp or identification mark,
on each and every diamond. Second, as diamond presents
one of the greatest challenges in terms of the laser fluence
required for marking, we would have confidence that many
other materials of interest, such as alternative gemstones or
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the ceramic casing of microprocessor chips, which would
likely have lower ablation thresholds, would also be amena-
ble to this processing technique. Finally, our intention was to
mark the item with lettering that was as small as feasibly
possible, to demonstrate that we could write security codes
that were invisible to the naked eye and hence difficult to
identify unless their position was known in advance.

B. Laser machining of diamond

Diamond plays a key technological role within many
industries and across many applications, due to its high ther-
mal conductivity and optical properties'? and hence there is
interest in high-throughput, high-resolution machining and
marking techniques, of which laser-based machining is one
of many approaches. Direct laser machining of diamond via
laser ablation has been demonstrated before through using
microsecond and nanosecond pulses, which highlighted the
associated problems of the heat-affected Zone,13 and via fem-
tosecond pulses, using a serial-scanning arrangement, which
showed minimum line widths of 700nm.'* Femtosecond
machining of micronsized structures with curved features
and trenches has also been demonstrated through use of
accelerating beams. '

Previous work has demonstrated the use of a liquid crys-
tal SLM, for the reduction of focussing aberrations when
machining inside bulk diamond, caused by the high refrac-
tive index mismatch at the interface of the bulk diamond and
air,'® while using a single focal spot, but the authors are not
aware of any previous reports of image-projection-based
laser-machining of diamond, where entire complex patterns
are machined with no requirements for beam scanning or
sample translation, other than to move to the next printed
feature (for example, the next letter or number in the security
code). Here, we show work using a DMD-based parallel
laser machining approach to machine the surface of poly-
crystalline diamond samples, which required only ten pulses
to see clearly noticeable features, with submicron sizes, cor-
responding to a total machining time of 10 ms per letter, as
shown in Sec. III.

Il. EXPERIMENT SETUP

In this work, a 1 mJ, 1 kHz repetition rate, 150 fs pulse,
800 nm wavelength ultrafast laser, was used, in conjunction
with a DMD acting as an intensity spatial light modulator,
for the machining of polycrystalline diamond. The DMD
(Texas Instruments, DLP3000) consisted of an array of
608 x 684 square mirrors, each of dimension ~7.6 um and
switchable via a computer interface, hence enabling a spe-
cific binary intensity pattern to be loaded onto the DMD on
demand. A detailed discussion of this experimental setup has
been described previously.'" The input laser pulses were spa-
tially homogenized, in order to illuminate the DMD with an
acceptably flat intensity profile, and the schematic of the
setup is shown in Fig. 1(a). The pulses were then collimated
and demagnified onto the work-piece via a 100 x microscope
objective. At the sample, the spatial laser intensity profile
was therefore a scaled-down version of the intensity pattern
on the DMD. The scaling factor of the DMD pattern to the



J. Laser Appl., Vol. 26, No. 4, November 2014

Mills et al. 041501-3

FIG. 1. Schematic of (a) experimental setup and (b) the ablation process, showing the step-and-repeat process used for ablating a longer structured pattern.

ablated pattern of the sample surface was measured to be
~127, corresponding to a combination of the 100x objective
and a collecting lens positioned 5 cm before the objective. If
the energy density on the sample was set above the damage
threshold of the target material, a region on the sample iden-
tical to the shape of the DMD pattern was ablated. This
approach has been used to machine individual letters, and
other complex shapes, into the surface of the polycrystalline
diamond. Figure 1(b) shows a schematic of the process
required for machining a series of different patterns, in order
to build up a contiguous structure. As the laser light illumi-
nating the DMD was coherent, the array of mirrors on the
DMD acted as a diffraction grating, causing multiple dif-
fracted peaks to be produced in two orthogonal directions.
For this work, only a single order was imaged, and hence the
DMD was aligned to maximize the energy in a single chosen
peak. This was achieved through taking advantage of the tilt
angle of the mirrors (*12°), in order to use the DMD as a
blazed grating. For the 800 nm light used here, the combina-
tion of an incident angle of 57° and a diffracted angle of 33°
(corresponding to the m=-+4 order) gave 75% of the dif-
fracted energy in this single peak and a total useable energy
of 44% of the incident laser pulse. It is important to consider
that the depth of field of the projected pattern (the distance
until the projected pattern is out of the focus) may only be on
the order of 10 um. Therefore, whilst the surface of a mate-
rial can be machined very accurately, this technique may not
be appropriate for bulk machining. However, this disadvant-
age is countered by the ability to very rapidly pattern large
areas on the surface of materials, with submicron resolution.

FIG. 2. SEM images of ablation in polycrystalline diamond, using (a) 10
pulses and (b) 50 pulses.

lll. MACHINING RESULTS

Figure 2 shows scanning electron microscope (SEM)
images of the polycrystalline diamond surface, where the
word “ELEMENT” has been ablated, where each individual
letter was fabricated via laser ablation in (a) 10 pulses and
(b) 50 pulses, followed by a stage movement to the position
of the subsequent letter. Therefore, the total number of
pulses for the entire sample in (a) and (b) was 70 and 350,
respectively. This word was chosen, due to its relatively long
length and mixture of letters that have only square edges
(later results in this manuscript show the effect of machining
curved edges). Separate measurements, using an optical pro-
filometer (Zescope), show an average depth of 69nm and
106 nm for 10 and 50 pulses, respectively. The different let-
ter separations (10 and 15 um) are to highlight one aspect of
the flexibility of the system, which allows images to be
ablated with essentially any separation. For this work, an
energy density of ~11.5J/cm” was incident on the target
sample, which corresponded to an energy density of ~1.6
mJ/cm? on the DMD surface. For each letter, a static image
was displayed on the DMD for the duration of the multiple
pulses. After each letter had been ablated, the sample stage
was moved by the set amount, and the DMD image was
changed to the next letter. The letters in Fig. 2(b) are darker
in appearance, as more material was removed by the laser
ablation process. In the case of diamond, which is transpar-
ent across much of the visible spectrum and has an absorp-
tion edge at 225 nm, damage via single photon absorption is
not believed to have been the dominant process for material
removal. Instead, we believe that multiphoton absorption,
via either three photon (266nm) or four photon (200 nm)
absorption provided the means for ablation, which also
explains the need for significantly higher laser fluence, as
compared to most other materials. Using a 1 kHz repetition
beam and automated sample movement stages to stitch indi-
vidual ablated regions together, this laser machining
approach could enable a laser-machined sample coverage of
1 x I mm in approximately 100s.

Figure 3(a) shows a SEM image of the letter “E,” ablated
using ten pulses, corresponding to a total machining time of
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FIG. 3. SEM images of ablation in polycrystalline diamond, using (a) and (b) 10 pulses and (c) 50 pulses.

10 ms. Clearly observable are significant ripplelike structures
on the surface, which were found to be perpendicular to the
direction to the laser polarization. This effect is well known
in the literature and is referred to as laser-induced periodic
surface structures (LIPSS).!” The average width of the let-
ters, determined by measuring the distance across the struc-
ture at several positions, was found to be 900 nm. The ripple
pattern itself can be made less prominent via use of circu-
larly polarized light or avoided when single pulse ablation is
used.'® Figures 3(b) and 3(c) show ablation of the curved let-
ter S, for both 10 and 50 pulses, showing that, whilst there is
some degradation of edge-quality due to both LIPSS and
imaging of a curved object from a rectangular array of pix-
els, overall the effect is not significant. The lack of
“pixelation” in the projected patterns that make up the
curved letters can be explained by taking into account first
the fact that the projected features were always at least ten
mirrors wide, and second, that the size of the projected light
pattern from a single mirror was geometrically scaled to well
below the diffraction limit and hence did not result in a
square cross-sectional intensity profile on the target sample
(as might be expected from projection from a single mirror)
but rather a cross-sectional intensity profile resembling a
Gaussian. The latter effect results in a similar outcome to ru-
dimentary anti-aliasing effects used in 2D graphics, where a
single pixel line that is required to be drawn at an angle is
made smoother by introducing adjacent low intensity pixels.
Figure 4 shows ablation of a bow-tie shape, for 50 and 500

pulses, highlighting that deeper trenches can be fabricated,
when using higher number of pulses.

Although the results shown here correspond to a mini-
mum of ten pulses, limited surface modification was
observed when only a single pulse was incident onto the
sample. This is consistent with the graphitization phenom-
enon,'” whereby the first pulse incident onto the sample can
cause a slight surface growth, produced by the phase change
from diamond to graphite, and causes a damage accumula-
tion mechanism where the ablation from subsequent pulses
can be more significant. Here, we have operated above the
damage threshold of diamond, described elsewhere to be in
the range of 1.5-9.6 J/sz,14,19,20 in order to increase the
ablation removal rate.

A. Ablation in yttrium iron garnet (YIG)

In addition to image-projection-based laser ablation of
diamond, we have explored the ablation properties of another
crystal, also transparent at 800 nm, namely, a 500 nm thick
YIG sample, grown via pulsed laser deposition, on an yt-
trium aluminum garnet (YAG) substrate.”’ Figure 5 shows
SEM images of ablation of the YIG crystal, for (a) 1, (b) 10,
and (c) 50 pulses, respectively, using a DMD pattern corre-
sponding to an annular profile, with line-width of 700 nm
and internal diameter of 5 um, using an energy density on
the sample of 3.1 J/cm?. Results clearly show that even a sin-
gle pulse ablation leads to noticeable material removal, and

FIG. 4. SEM images of ablation in polycrystalline diamond, using (a) 50 pulses and (b) 500 pulses.
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FIG. 5. SEM images of laser-ablation of YIG crystal on a YAG substrate, using (a) 1 pulse, (b) 10 pulses, (c) 50 pulses, and (d) machining of the same sample

using focussed ion beam milling.

that the pattern is machined through the entire YIG film
within ten pulses, implying a material removal rate of
~50nm per pulse. As the YAG crystal had a higher damage
threshold than the YIG crystal, subsequent pulses did not
machine deeper into the sample, hence showing the strong
contrast between the two layers in Fig. 5(c). For a compari-
son and shown in (d), this machining experiment was
repeated using focussed ion beam (FEI Helios NanoLab
DualBeam) and required 18s for a comparable machining
appearance, highlighting the many orders-of-magnitude time
difference between these two machining approaches.

IV. CONCLUSIONS

In conclusion, we have demonstrated a rapid laser-based
machining technique for writing patterns into transparent
crystals, including polycrystalline diamond, via use of a digi-
tal micromirror device acting as an intensity spatial light
modulator. Line widths of submicron size were observed.
This technique may have applications in both direct machin-
ing of crystals or for the marking of identification tags onto
diamond or gemstones such as emerald or ruby.
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Abstract Femtosecond laser-induced backward transfer
of transparent photopolymers is demonstrated in the solid
state, assisted by a digital micromirror spatial light mod-
ulator for producing shaped deposits. Through use of an
absorbing silicon carrier substrate, we have been able to
successfully transfer solid-phase material, with lateral
dimensions as small as ~6 pm. In addition, a carrier of
silicon incorporating a photonic waveguide relief structure
enables the transfer of imprinted deposits that have been
accomplished with surface features exactly complementing
those present on the substrate, with an observed minimum
feature size of 140 nm.

1 Introduction

Laser-induced transfer, which relies on the energy of an
incident laser pulse to transfer a deposit (or variously ter-
med voxel) of material (the donor) from a carrier substrate
towards a receiver substrate, encompasses a range of
techniques for rapid microfabrication of electronic, pho-
tonic and biomedical devices [1-5]. Recent results have
shown the lateral shaping of deposits in a dynamic fashion
for laser-induced forward transfer (LIFT), via the use of a
digital micromirror device (DMD) acting as a spatial light
modulator [6, 7], hence enabling the rapid prototyping of
complex shapes with micron-scale fabrication resolution.
This approach provides a more flexible alternative to
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focussing or imaging of an aperture [8, 9] and complements
alternative beam-shaping approaches previously used for
LIFT, which assist in the pre-machining of the donor for
transfer of structures with small dimensions [10], smooth
side walls [11] or reduced amount of debris [12].

While the ability to shape the deposit in the lateral
direction is undoubtedly useful, many applications in
electronics and photonics can often require feature sizes
down to the nanometre range, far below the optical
diffraction limit, and hence cannot be directly achieved via
beam shaping. Transfer of nanodroplets can be achieved
with the donor in a molten or liquid state [13], although this
limits one of the main benefits of laser-induced transfer,
namely the possibility of maintaining a previously opti-
mized phase and structure of a thin film.

In this work, we present the results from a different
approach whereby the intact transfer of solid deposits has
been achieved via laser-induced backward transfer (LIBT),
where the deposits produced can have feature sizes well
below the diffraction limit. This was achieved via use of a
silicon carrier substrate that incorporated a prefabricated
photonic waveguide relief structure, so that the donor
material was imprinted with the complementary waveguide
relief features before the LIBT process. This imprint
transfer is a process allowing the fabrication of nanos-
tructures which has not been demonstrated on such a small
deposit scale with a direct-write laser technique [14], and
such pre-structuring of a voxel prior to transfer could
increase the complexity and hence functionality of the
printed device. The transfer of solid-phase donors is inte-
gral to this technique, as transfer of donors via partial or
complete melt or liquid phase does not allow the preser-
vation of the intended surface structure.

In this study, the overall shape (but not the sub-
diffraction-limited structures) of the deposited material was
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controlled via DMD-based image projection. Conventional
lithography or direct exposure of the photoresist on the
receiver would not allow such partial structuring of a voxel
surface and would not work with photoinsensitive polymer
materials. Compared with laser photopolymerization
direct-write techniques, the receiving substrate is not
exposed to undeveloped liquid resist or chemicals required
during development or washing steps. Also, a DMD allows
the pixelated transfer of voxels in a single process step and
combines other advantages of laser-induced transfer such
as high speed, non-contact, the possibility to use non-pla-
nar receiver substrates and the lack of required post-pro-
cessing steps. Using this combination of techniques, we
have been able to obtain overall minimum lateral dimen-
sions of a few microns and carrier-imprinted surface fea-
ture dimensions of ~ 140 nm. In this paper, we discuss
LIBT in comparison with LIFT and present experimental
results for LIBT using unstructured and structured carrier
substrates.

2 Background

In the LIBT process, the propagation direction of the
deposit is typically at an angle of 180° with respect to the
direction of the incident laser pulse (hence the term
‘backward’). As shown in Fig. 1a, a small volume from the
donor is transferred to the receiving substrate, via absorp-
tion of a laser pulse that has been directed through the
transparent receiver and donor before being absorbed at the
interface of the donor and absorbing carrier. In the litera-
ture, LIBT has been used for the deposition of Bi,O3 [15],
for fabricating diffractive structures [16], for plasmonic
nanospheres [13] and for liquids aimed at biomedical
applications [17], but has been less widely adopted so far
than LIFT-based processes and mainly with the donor in a
molten or liquid state.

While the release mechanism responsible for LIBT is
not the main focus of this work, contributing processes are
suspected to be either thermal [18], shock induced via
spallation [19], through the vaporization of carrier or donor

(a) (b)

Donor

Deposit/Voxel ‘
‘ Receiver ‘ Receiver
IR seam patn

Fig. 1 Schematic of laser-induced backward transfer with a unstruc-
tured carrier during LIBT and b structured carrier after transfer

Spacing

direction
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volumes to enable a vapour-driven release of the deposit
[20], or via ultrafast expansion if using femtosecond laser
pulses [21]. Although we have not yet looked at LIBT with
other laser sources (e.g. nanosecond pulse duration), we
believe the localization of the laser-induced effects in both
space and time that are caused by femtosecond pulse
exposure plays an important role in the LIBT mechanism.
However, of immediate interest is to briefly compare the
two transfer techniques as there is likely an important
difference in the absorption profile of the laser energy
within the carrier (for LIBT) and at the carrier—donor
interface (for LIFT).

In LIBT, reported here, the receiver and donor must be
transparent to the incident laser light, which is absorbed in
the interfacial volume of the carrier. This requirement
would suggest that fabrication of, e.g., photonic or
microfluidic devices would be an appropriate end goal for
such LIBT-based transfer, due to the possibility to work
with flexible and thin polymer donors and receivers. For
LIFT of non-absorbing donors, required for a fair com-
parison of the two techniques, a dynamic release layer
(DRL) which is sandwiched between the donor and the
carrier needs to be present to absorb the incident laser pulse
and initiate the transfer of the donor. In the case of solid-
phase LIBT, the majority of the laser energy is absorbed in
the first ~few 10 s of nm of the carrier and not within the
non-absorbing donor. There is therefore a very strong
thermal gradient originating at the carrier—donor interface,
and this interfacial region of the carrier experiences the
largest change in its physical properties which is likely
responsible for the subsequent detachment and backward
propagation of the donor deposit.

In the case of LIFT, the majority of the laser energy is
absorbed within the skin depth of a DRL. In contrast to
LIBT, therefore, in LIFT the region of maximum laser-
induced change in physical properties occurs on the rear
side of the DRL and not on the side facing the donor, and
thus, release of the deposit is possibly governed by dif-
ferent physical mechanisms. There is also the additional
contamination problem for forward transfer that some DRL
material may remain on the released donor deposit or
receiver after transfer as a thin film DRL is released or even
dissociated easier from the carrier than during LIBT where
a bulk carrier substrate is present. This important difference
between LIBT and LIFT, we suggest, represents an
important factor in the nature of the deposition process
which could lead to higher-quality deposition when using
LIBT.

In addition, as presented for the first time here, the LIBT
technique enables imprinting of the donor via use of a pre-
structured carrier substrate as shown in Fig. 1b. We do not
believe, and to date have not seen within the literature, that
this imprinting approach is as practical with LIFT, due to



Laser-induced backward transfer of nanoimprinted polymer elements

Page 3 of 5 398

the difficulties to fabricate a compliant absorbing layer
with constant thickness. Compared with LIFT, LIBT also
has the benefit that the absorbing layer can be a bulk
substrate, of arbitrary thickness and physical properties,
provided it possesses the requisite characteristics to support
high absorption of the laser pulse and transfer of the donor.

3 Experimental

Experiments used a Ti:sapphire laser oscillator and
amplifier chain with a central wavelength of 800 nm and a
pulse duration of ~ 150 fs (Coherent, Legend) as shown in
Fig. 2. The spatial intensity profile of the laser output was
homogenized via a refractive top-hat beam shaper (Ad-
loptica, Pi-Shaper) to uniformly illuminate the surface of
the DMD array. An object mask displayed on the DMD
was then imaged with the combination of a collimating
tube lens and an infinity-corrected 20x or 50x microscope
objective at the sample interface, which was translated on a
computer-controlled mechanical stage. Pulse energies were
adjusted to investigate the threshold for optimum LIBT,
while the sample and image position were monitored with a
CMOS camera, a white light source and a dichroic mirror.
Further details of this setup can be found in a previous
study [7].

Donors were fabricated via spin coating of S1813 and
SU-8 photoresists onto cleaned carrier substrates, and
baked on a hotplate at 110 °C for 5 min. The donors were
chosen to be materials conventionally used in lithography
and served as ideal testbeds for observing achievable res-
olution via backward transfer. The carrier substrates were
polished monocrystalline silicon wafers and silicon-on-in-
sulator chips. The latter consisted of grating structures and
slot/rib waveguides and had a layer structure from top to
bottom consisting of ~400-nm silicon, 2-um silicon
dioxide and ~600-pum silicon. These structures were fab-
ricated by e-beam lithography using ZEP e-beam resist for
pattern definition and by subsequent transfer to the silicon

TiS-fs-laser
800nm, 150fs

Beam shaper Lens
Mirror
Mirror
Camera
X-y-z
|CMOS V7] +\ sample
stage

Dichroic  ppjective
mirror

Fig. 2 Setup used for our experiments. DMD, laser source and
mechanical sample stage are controlled via computer (not shown)

layer using inductively coupled plasma etching. The ter-
mination after the etching was native oxide. Receivers tried
were bare 1-mm-thick microscope slides, microscope
slides coated with ~ 10-pm-thick polydimethylsiloxane
(PDMS) or free-standing PDMS films, which were chosen
as examples for hard, soft and mechanically flexible
receivers. The free-standing films were obtained by peeling
off the PDMS film from a glass slide.

4 Results and discussion
4.1 LIBT using an unstructured carrier

Donors (1.4, 1.5, 1.85 and 2.25 pum thick) and receivers
were in close contact during the experiments, and typical
lateral voxel dimensions were in the range of 20-50 pum.
No spacer was used for establishing a defined donor—re-
ceiver distance. Due to material inhomogeneities, this
spacing was estimated to be in the range of 0-5 pm,
observed from white light thin film interference off the
surfaces of donor and receiver. For a fluence just below
threshold for transfer, bulging of the donor by some tens of
nanometres was observed. The threshold fluence for S1813
for donor thicknesses of 1.4, 1.85 and 2.25 pm was mea-
sured to be ~475, ~580 and ~ 765 mJ/cmz, respectively.
As expected, an increased donor thickness required a
higher pulse fluence to achieve transfer, and complex
shapes with a large ratio of sidewall area to donor—carrier
interface (such as the numbers and letters shown in Fig. 3)
also required a higher transfer fluence than simple shapes

Fig. 3 SEM images of DMD-shaped, ~ 1.4-um-thick S1813 printed
via LIBT at a fluence of ~475 mJ/cm? (a) and ~510 mJ/cm? (b—
d) onto PDMS-coated glass. The scale bar is 10 pm
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such as circles or squares. We note that transfer threshold
values were below the damage thresholds of the donors of
~1 J/em® for both SU-8 and S1813.

The results shown in Fig. 3 demonstrate a few examples
of the complexity of shapes that can be printed using LIBT
via DMD-based image projection. The deposits (1.4-um-
thick S1813) in Fig. 3 had been printed at fluences of
~475 mJ/cm? (Fig. 3a) and ~510 mJ/cm?® (Fig. 3b—d),
respectively, onto a PDMS-coated glass receiver from an
unstructured silicon carrier. For 1.5-pm-thick donors of
SU-8, this transfer threshold of simple shapes was
~370 mJ/cm?. We also successfully demonstrated transfer
onto free-standing 10-pm-thick PDMS, which, as it is a
flexible substrate, offers the promise of using LIBT to
fabricate thin devices and electronic structures on non-
planar surfaces such as optical fibres. The smallest feature
size appeared to be limited by the creation of a tapered,
angled border, seen quite clearly in Fig. 3d, for example,
with a width of ~1 up to ~3 pm. Depending on the
application, such a feature might limit the resolution or
require the use of further donor preparation prior to transfer
[11, 12].

The smallest features printed from these donors onto
PDMS-coated glass were about 5.6-pm-wide rectangular
structures. Successful transfer of simple shapes, such as
squares and circles, was also demonstrated for uncoated
glass receivers. However, more complex shapes were not
transferred successfully due to the voxels breaking up as a
consequence of using a glass receiver. Generally, transfer
at a fluence just above threshold was accompanied with
minimal debris further limiting the need for post-process-
ing, e.g. the curing of laser-induced interface damage.

Most deposits (>90 %) on a PDMS-coated glass recei-
ver remained adhered after submersion in an ultrasonic
water bath for 30 min followed by a nitrogen blow dry, but
could be removed completely via manual application of an
adhesive tape. On uncoated glass, around 70 % of deposits
remained intact after the described ultrasonic bath and
nitrogen process.

4.2 LIBT using a structured carrier

Here, we demonstrate the use of a pre-structured carrier to
achieve transfer of complementary features in the donor
deposit. The carrier used was a silicon-on-insulator chip
containing photonic structures originally used for mid-in-
frared wavelengths [22], while here they simply served as
substrate with precisely defined surface features on the
micro- and nanoscale and fabricated with a well-estab-
lished lithographic technique. The chip layer structure
consisted of a sequence of silicon and 2-pm-thick buried
oxide layers where the chip surface facing the donor film
was capped by a layer of 400-nm-thick silicon. Surface

@ Springer

Fig. 4 SEM images of SU-8 LIBT-printed voxel with imprinted
grating/waveguide structure on PDMS-coated glass receiver at a
fluence of ~475 mJ/cm? The inset shows a magnified version of the
grating surface with 50/50 mark to space ratio. The resulting finger
width and height were ~900 and ~220 nm, respectively

Fig. 5 SEM images of a deposit surface from an S1813 donor printed
at ~475 mJ/cm® showing a rib within a trench structure and b a
similar slot waveguide structure on a carrier used for the imprinting.
The transferred smallest feature on the voxel in the centre of image
(a) was ~ 140 nm wide and ~220 nm high

structures had been chemically etched into the top silicon
layer prior to LIBT, forming waveguiding and grating
relief structures with depths of ~220 nm. During spin
coating, the photoresist donor conformed to the carrier in
order to create a compliant donor—carrier interface, repli-
cating these relief features with high fidelity, and at the
same time forming a smooth and flat layer at the donor—air
interface. Results for transfer of an imprint of a grating
structure are shown in the SEM image in Fig. 4 for a voxel
transferred at a fluence of ~475 mJ/cm?.

The surface of the deposits on PDMS-coated glass did
not show any signs of debris or damage from decomposed
donor material, and the grating features are well resolved
and have a period of 1.8 pm (with 50/50 mark to space
ratio).

Results in Fig. 5a show an SEM image of a deposition
of an imprinted slot waveguide structure at a surface of a
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circular voxel, transferred at a fluence of ~475 mJ/crnz,
where an SEM image of a similar waveguide structure on
the carrier is shown in Fig. 5b. In the deposit, a slot was
reproduced as a rib with a width of ~ 140 nm for a height
of ~220 nm and centred in a trench of ~ 1.4 um width.

5 Conclusion

In conclusion, we have demonstrated the LIBT of solid
photopolymers in an intact state using silicon substrates as
absorbing carriers. Spatial voxel shaping was accomplished
using a DMD-based image projection system resulting in
lateral feature sizes as small as ~6 um for the materials
studied. At fluences just above the transfer threshold, the
volume of debris and damage to the donor was minimal
with reduced edge quality as the interface area was not
perfectly sheared from the donor. The limited damage
occurring at the interface of carrier and donor and the
possibility to use a structured carrier enabled the LIBT
technique to be used to reproduce an interfacial carrier
relief structure imprinted into the donor layer. This tech-
nique therefore enables the simultaneous patterning of the
lateral extent and the surface structure of a deposit, with a
smallest surface feature size of ~ 140 nm enabling appli-
cations for electronic or photonic devices.
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1. Introduction

Additive methods for the microfabrication of devices have
recently gained interest over conventional techniques due to their
versatility, simplicity and resulting high speed of fabrication [1-3].
Among these, laser-based techniques are a promising way to enable
device printing in a contactless fashion with demonstrated micron-
scale resolution. A unique advantage is that these methods allow
the deposition of materials that not only have a specific structural
role, but also have electronic, photonic or even biomedical func-
tionality.

In particular, laser-induced forward transfer (LIFT) has proven
its capability to allow manufacturing of a wide range of materi-
als, such as metals [4], ceramics, semiconductors, superconductors
[5], 2D materials and structures for e.g. MEMS [6], waveguides
[7], biomedical sensors [8] or thermoelectric generators [9]. More
recently, the transfer of silver pastes [10,11], 3-dimensional micro-
objects [12,13] and metal vias [14] has shown the potential of LIFT
for microfabrication. During LIFT (e.g. with a transparent donor),

* Corresponding author. Current address: Chair of Applied Laser Technology,
Laboratory of Mechanical Automation and Mechatronics, Faculty of Engineering
Technology, University of Twente, Enschede, The Netherlands.

E-mail addresses: m.feinaeugle@utwente.nl (M. Feinaeugle),
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shown schematically in Fig. 1a, a pulsed laser beam is focussed or
imaged at the interface between a transparent carrier substrate and
a sandwich of thin films, consisting of an absorbing material and
the donor. As a consequence of the absorbed laser energy, a small
volume of the donor is ejected and transferred onto a receiver sub-
strate which is located parallel to the donor surface. In some cases,
the donor itself acts as an absorber and no additional interfacial
layer is required. The spacing between the donor and receiver is
typically in the few to tens of micrometres range.

The minimum feature sizes of structures fabricated via LIFT
is mainly limited to optical resolutions for congruent transfer of
devices [15,16]. However, for molten transfer, structures that are
smaller than the diffraction-limited size of the incident laser pulse
have been demonstrated [17,18]. Specifically for the fabrication of
those structures, laser-induced backward transfer (LIBT) [19] has
produced submicron-structures with high repeatability which may
prove to be an advantageous alternative to LIFT for specific appli-
cations [20,21]. During LIBT, shown schematically in Fig. 1b, the
receiver whose absorption is low in comparison with the carrier
is situated in the path of the laser, while the donor is coated on
a (bulk) carrier substrate. The incident laser pulse energy that is
either absorbed in the donor or- for partially transparent donors-
the carrier leads to the transfer of a volume of the donor in a
direction opposite to that of the laser beam path, hence the term
‘backward’.

0169-4332/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig.1. Schematicside-view of (a)laser-induced forward transfer (LIFT) and (b) laser-
induced backward transfer (LIBT) for a transparent donor.

In comparison with LIFT, LIBT has different requirements and
restrictions concerning the transparency of the receiver and the
donor, but the possibility to use a bulk carrier substrate might prove
advantageous for certain applications. These advantages can also
be used for transfer of other materials as demonstrated in previous
work, where metals [22-25], oxides [25,26], CrSi2 [27], TiN [24]
and corroded surfaces [28] have been the subject of studies of LIBT
methods.

Recently, we have demonstrated that the use of a bulk sub-
strate facilitates the imprint-based laser-induced fabrication of
sub-micron-size structures via LIBT of solid polymers [29].

While LIFT has been the object of many studies to date, much
less effort has been put into fully understanding and exploiting the
process of LIBT. To help in predicting the outcome of an experiment
via LIBT e.g. with a new material, imaging [24] and simulation [30]
of the process can be useful tools. Also, as LIBT is closely related to
the processes of laser lift-off [31], laser cleaning, laser scribing, or
even ablation [32], studying LIBT could also aid in understanding
these processes. The main difference with respect to previous work
is that for our experiments, we are interested in the ejected material
being in an intact state, and that its shape is geometrically similar
to the incoming spatial shape of the laser pulse.

To improve the effectiveness of LIBT, factors such as low flyer
velocity and reduced shock generation play a major role in trans-
ferring a flyer in an intact state [33]. An experimental time-resolved
imaging study could therefore support future efforts to model the
LIBT process to optimise experimental conditions, and to under-
stand the advantages and limitations of this technique. Previously,
the femtosecond laser ablation of silica grown on top of silicon was
investigated in the first ~10ns after the arrival of the laser pulse
[34]. In a different study, a simple model of silica on a Ag substrate
was simulated on a picosecond timescale [30].

While the focus of those studies was on the observation of shock
and film dynamics in the first nanoseconds after the arrival of the
laser pulse, here, we have examined the dynamics of the emerging
flyer and fragments on a microsecond scale to obtain experimental
parameters for LIBT of intact deposits.

In this study, we have imaged the LIBT process from an epoxy-
based SU-8 polymer donor film from planar silicon and germanium
carriers via a femtosecond pulsed laser source. SU-8 is an example
of a transparent donor material that can be used for e.g. photonic or
microfluidic devices. This polymer, once developed, has arelatively
high chemical resistance, and has been previously used in micro-
opto-electro-mechanical systems (MOEMS). It is routinely used for
lithographic patterning on the micro- and nanoscale, and hence
beneficial for the creation of small structures. Silicon and Germa-
nium carriers were used as readily available bulk substrates that are
widely used in microfabrication of electronic and photonic devices,
thus for which a large number of microfabrication processes are
known.

When using polymers as donor material, photophysical effects
as damage mechanisms need to be considered during transfer, and
these mechanisms include photochemical decomposition, thermal

Fig. 2. Setup for time-resolved imaging of LIBT. The laser pulses with Gaussian beam
profile are homogenised to a top hat profile via a refractive beam shaper (BS). Laser
triggering, time-resolved imaging, DMD mask display and beam attenuation are
controlled by a computer.

ablation, spallation and photopolymerisation of monomer chains
[35,36]. The use of short pulses and infrared wavelength decrease
the likelihood of damage via thermal effects or direct rupture of
polymeric bonds respectively, while multiphoton effects would
only be expected for the highest fluences used. At the same time,
thermal effects to the semiconductor carriers are expected to be
reduced with short laser pulses when compared to longer pulsed
laser sources, and this has further motivated our choice of laser
source for these experiments [37].

With the help of a time-resolved shadowgraphy setup, we have
recorded the position of the emerging flyer as a function of pulse
energy, donor thickness, carrier material, delay time after laser
pulse arrival, and beam intensity distribution. Shadowgraphy can
be used to determine the existence and position of particles and
flyer ejected from the donor surface and is also sensitive to changes
in the refractive index of the surrounding atmosphere, e.g. through
gradients in pressure or gaseous elements. Generally, shadowgra-
phy can be most readily performed with the presence of a receiver
to study impact and landing of the flyer, and the receiver’s inter-
action with pressure waves. Instead we have chosen to study the
dynamics of the flyer ejection without receiver which is a case rel-
evant to the LIBT process as the velocity, integrity and orientation
of the flyer, and the possible creation of debris or shock can be
observed over a larger range than possible with a receiver in place.
In the following we refer to ‘transfer’ for the dynamics of flyer ejec-
tion and propagation for targets in a LIBT configuration as used
here. To allow a more direct comparison with the LIBT process,
we have briefly contrasted the results from shadowgraphy with
those of standard transfer experiments, where we have measured
the ratio of intact flyers found on a receiver to flyers imaged in an
intact state.

We will first introduce the experimental details and methods
of the time-resolved studies of LIBT. Then we present experimen-
tal results from varying time delay, laser fluence, donor thickness
and carrier. Further, we will discuss the different observed trans-
fer regimes and the effects of experimental parameters on LIBT of
SU-8.

2. Experimental

The imaging of the LIBT process was carried out using the
setup shown in Fig. 2. It consisted of three different optical beam
lines, one for live imaging of the sample surface, one for laser-
induced transfer and the third one for time-resolved shadowgraph
imaging. Transfer was induced via pulses from a Ti:sapphire laser
oscillator-amplifier system (Mira/Legend, Coherent) with a central
wavelength of 800 nm, and pulse lengths of 150 fs. The maximum
pulse energy of 2 mJ] was attenuated with a continuously variable
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neutral density filter. The Gaussian intensity profile from the laser
was transformed into a top-hat intensity profile via a refractive
beam shaper (Pi-Shaper, AdlOptica). These laser pulses with top-
hat profile then illuminated the surface of a 608 x 684 element
digital micromirror device (DLP3000, Texas Instruments) whose
mirrors were actuated to form a dynamic intensity mask. To do
so, mirrors in the ‘on’ position directed light into the beam path
shown in Fig. 2, while mirrors in ‘off’ position steered the laser
pulses into a beam stop (not shown). The surface of the digital
micromirror device (DMD) displaying a user-specified mask was
imaged and de-magnified at the interface between the donor and
carrier in the LIBT target with a 50x de-magnification microscope
objective (Mitutoyo).

For sample positioning and focussing, the sample, illuminated
with a white light source, is imaged continuously on a CMOS cam-
era, whose image path is collinear to the laser beam path. More
details on the setup and on the configuration of the DMD for image
projection can be found in previous work [38].

The laser-induced events above the sample surface were
recorded via illumination from a white light spark discharge flash
lamp (Nanolite KL-K, HSPS) with a pulse duration of 8ns [39].
The flash lamp was placed at the focus of microscope objective L1
(10x magnification, Leitz Wetzlar) used as a collimator. A second
microscope objective L2 (50x magnification, Nikon) was used to
concentrate the illuminating light at the interaction area. The inter-
action of the illuminating beams and the laser-induced objects or
differences in refractive indices were then observed as intensity
gradients [40] on a CCD camera (scA1400-17 fm, 1.4 Mpx, Basler
AG) equipped with a microscope objective L3. Depending on the
resolution required and the field of view, we used one of two dif-
ferent (20x and 100x magnification, Nikon) microscope objectives
L3. Our setup therefore provided the following theoretical reso-
lutions: 90 nm/pixel and 420 nm/pixel, while the field of view in
the direction of flyer movement equalled approximately 120 wm
and 400 wm respectively. The excitation laser, flash lamp, shut-
ter and the CCD camera were synchronised by a signal generator
(Tektronix, AFG 3102) while the display of the DMD image mask,
laser triggering and attenuation level were controlled by a com-
puter.

Following laser triggering, the signal generator caused the CCD
camera to be active for ~20 ms and at the same time actuated the
flash lamp at a chosen delay time with a minimum value of 1.4 ps. A
snapshot was therefore taken after the chosen delay with an expo-
sure time of ~8 ns. We varied this delay during experiments over
the range between 1.4 s and 16.4 ps with an estimated uncer-
tainty of 100 ns. For each delay a new area of the donor was selected,
so the data presented below consists of sequential flyers imaged at
different delays but otherwise similar conditions. To reduce errors
due to natural fluctuations in flyer behaviour, each set of similar
conditions was repeated at least five times. The delay was chosen
to show flyers travelling the full extent of the image frame visible
to the camera.

Fig. 3a shows a schematic of the imaging setup and the image
shown in Fig. 3b is a typical shadowgram recorded with the CCD

Fig. 3. (a) Schematic side-view of shadowgraphy imaging setup and (b) image frame
as recorded by CCD camera and a 100x microscope objective.

camera where flyer and donor surface orientation appear at an
angle relative to each other as a result of camera perspective. The
contrast, brightness and gamma values of the captured images were
modified to optimise visibility of the laser-induced events.

The LIBT targets (i.e. the donor-coated carrier) were fabricated
via spin-coating of SU-8 photoresist (Microchem) onto silicon and
germanium carrier substrates (300-600 pm thick). The germanium
carriers consisted of a3 wm thick layer of Ge grown on a Si substrate.
Before spin-coating, the carriers were ultrasonically cleaned in
sequential baths of acetone, isopropanol and water for 30 min and
subsequently dried by pressurised nitrogen. After coating, the LIBT
targets were baked on a hotplate for 3 min ramping from 60 to 90 °C,
and the sample was held at 90 °C for a further minute to solidify the
polymer and to remove any residual gamma-butyrolactone solvent
[41].Final donor thicknesses were 3.8 wm (referred to later as ‘thin’)
and 6.4 um (referred to as ‘thick’), measured with a mechanical
profiler. The variation of donor thickness measurement was in the
range of £100 nm while the measurement error by the mechani-
cal profiler used was estimated to be smaller than this variation.
The films were coated at spin speeds of 2000 rpm and 4000 rpm for
maximum accelerations of 300 rpm/s and a spin duration of 30s.
The film thickness of a few microns was a typical thickness used in
SU-8 based MEOMS and around the standard thickness for SU-8 5
used in lithography.

The targets were then cleaved in the centre for better imag-
ing of the central part of the donor to avoid shading by the thick
donor bead found at the perimeter of a spin-coated sample and
experiments were performed at least 100 wm away from the sam-
ple (donor) edges to avoid variation of material properties, such as
areduced donor-carrier adhesion.

3. Results and discussion
3.1. Velocity of the flyer
In the first experiments we varied the delay between values of

1.4-10 ps between incidence of the laser pulse and recording of
the position of the flyer above the substrate. A sequence of images

Fig. 4. Time sequence of shadowgrams of flyers from a thick SU-8 donor on a Si carrier imaged with a 100 x microscope objective. The scale bar is 20 wm in all figures.
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Fig. 5. Distance travelled by flyers for varying delay times from (a) Si and (b) Ge
carriers with thick and thin SU-8 donors. The error bar is the standard deviation at
a certain delay time.

taken for different delays at a fluence of 1.39]/cm? for flyers from
a thick SU-8 on silicon target are shown in Fig. 4.

A flyer emerges from the surface not as a cylindrical disc which
could be the circular shape with top-hat spatial intensity projected
at the interface, but is slightly tapered and additionally features a
thin peripheral rim ripped out of the donor to result in a ‘saucer-
like’ structure. Most of the shadowgraph images show two bright
areas, one in the centre of the image and a second one in the crater
on the donor. The first spot originates from direct imaging of the
spark gap illumination, and while the presence of this bright spot
in the image was undesired, this geometry was used to maximise
flyer illumination. The second spot is a consequence of scattering
of the laser pulse visible due to the long exposure time of the CCD
camera.

The image also reveals that the bottom side of the tilted flyer
carries some damage appearing in the central region of the flyer.
This damage, seen as dark spots within a flyer, occurred to some of
the flyers and was most likely caused by imperfections of the donor
or fluctuations of the laser pulse intensity due to imperfect optics
or laser output. As flyers were not collected, further evaluation of
this damage was not possible. The particles shown in Fig. 4b-d is
debris which likely has its origin in the central damaged spot of the
flyer.

Experiments were carried out just above flyer removal flu-
ence thresholds for the 3.8 wm and 6.4 wm thick films. For donors
on silicon these threshold fluences were between 0.80]/cm? and
1.35]/cm? as a function of donor thickness. Germanium carriers
had threshold fluences between 0.55 J/cm? and 0.60J/cm?. The dif-
ferences in threshold fluences observed between experiments with
the different carrier substrates could be reduced to both the differ-
ent physical properties of the carrier or to the different adhesion of
donor on carrier, and further measurements of adhesion would be
required to determine the effect of these properties.

The distance d travelled by the resulting intact flyers for an
image taken after a specific delay is shown in Fig. 5.

Experiments for thin SU-8 on silicon were performed at fluences
just above and at 20% higher than threshold for comparison to see
if there is a measurable influence of fluence on velocity. The higher
value was chosen to be between the threshold and the fluence at
which the likelihood of breaking up would increase dramatically.
The velocity v(t) of a flyer as a function of delay t as shown in Table 1
and Fig. 6 was defined as:

d(t)—d(t
b= d0-dn)
t—t
with t; the minimum delay (1.4 ws). From previous experiments, it
is expected that flyer ejection (occurring at time ty) is initiated on

the timescale of hundreds of nanoseconds after laser pulse arrival
and is a function of fluence [42,43]. Generally, using short pulses

(1)

v(

Table 1

Intact flyer velocities for different carrier/donor combinations extracted from dis-
tance vs. delay data. The fluence values for the samples are shown in Fig. 5. The
temporal mean of the velocity is shown for different fluences and combinations of
donor and carrier.

Carrier/Donor (Fluence) Mean velocity [m/s]

Si/Thin SU-8 (0.84]/cm?) 18.1+2.1
Si/Thin SU-8 (1]/cm?) 19.8+2.3
Si/Thick SU-8 93428
Ge/Thin SU-8 13.5+1.5
Ge/Thick SU-8 9.1+54

Fig. 6. Velocity as a function of delay time for (a) silicon and (b) germanium carriers
with thin (3.8 wm) and thick (6.4 um) SU-8 donors.

and higher fluences can decrease to. However, the influence of
dynamic release layers (DRL) such as Au [44] is inconclusive, while
foraTriazene DRL[45], a thicker film can decrease t, significantly as
compared to a thin DRL [43]. While the pressure of the surround-
ing atmosphere does have a large effect on propagation velocity,
no major influence on ejection time could be observed in literature
[33].

Resulting mean velocities for flyers were in the range of
9-20m/s, and the lowest velocity recorded was 6 m/s. For both car-
riers, the thicker flyers had a lower velocity than the thin flyers. The
comparison of a thin flyer from a Si carrier in Table 1 shows slightly
higher velocities for a flyer ejected at 20% higher fluence but oth-
erwise similar conditions for the mean velocity. Fig. 5 also shows
that flyers ejected at higher fluence have always travelled further
at comparable delay times, hinting at a smaller flyer release time to
for higher fluences. The velocities as a function of delay are plotted
in Fig. 6.

No indication of any deceleration, e.g. by drag, could be seen
in the velocity over the time delays studied. The flyer propagation
was assumed to be influenced by the deceleration through the sur-
rounding atmosphere as well as by the flyer rotation induced during
flyer ejection. Gravity acting in the opposite direction of travel was
neglected being several orders of magnitude smaller than drag from
the surrounding air at atmospheric pressure. The different flyer
velocities observed are crucial to estimate the outcome of a LIBT
experiment as a higher velocity increases the impact when landing
on a receiver.

3.2. Influence of laser fluence on flyer propagation

As observed in Fig. 5 for the thin donor films, distance travelled
in a specific time period increased for higher laser pulse energies
incident on the targets as seen earlier [46]. This relation was inves-
tigated in more detail by recording flyer propagation for a fixed
delay time but varying laser fluence for Ge and Si carriers. Fig. 7
shows the resulting behaviour for flyers from a thick SU-8 donor
and a Ge carrier.
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Fig. 7. Distance travelled by flyer for two delay times when varying incident pulse
fluence for a Ge carrier and a thick SU-8 donor film. The first data points at
~400 mJ/cm? show that no flyer had emerged from the donor.

Fig. 8. Distance travelled as a function of incident laser fluence for a flyer from a
thick SU-8 donor on Si carrier.

During this experiment only flyers up to a fluence of 0.9 ]/cm?
and 2.3 ]/cm? for Ge and Si carriers respectively were observed to be
in an intact state. For higher fluences, more than 90% of flyers were
found to have fragmented. The distances plotted at larger fluences
show the distance travelled by the main fragments ejected from
the donor surface. Before breakup, the measured average veloci-
ties of the fastest flyers were 12.2£7.7 m/s. The error found for
these fastest flyers was relatively large and we assumed that the
tilt of some of the recorded flyers may have contributed to their
deceleration. For a germanium carrier, all flyers ejected at a high
fluence travel further, thus at a higher average velocity, than flyers
ejected at a lower fluence close to threshold. The resulting linear
increase of velocity as a function of fluence was in the range of
0.023 +0.01 m/s mJ~! cm? for flyers in an intact state.

A similar plot of distance over delay time from an experiment
with silicon carriers is shown in Fig. 8. Here, the distance curves
are split at a fluence value of ~1.8J/cm? into a ‘sawtooth’ function
with positive gradients. The first part of the fitted sawtooth func-
tion (1.25-1.8]/cm?), showing the distances of intact flyers, has a
gradient of velocity of 0.014 +0.01 m/s mJ~! cm?. The velocity of
the fastest flyers here was 16.8 4.6 m/s.

In the first part of the curve, distance increases monotonically.
However, around 2.0-2.5]/cm?2, propagation is much lower than
expected. Only for values of 3.5]/cm? is propagation again larger

Fig. 9. Crater diameter for varying fluence measured on two Si and Ge donors after
LIBT experiments for a thick SU-8 donor. The insets shows microscope images of
craters in the donor after transfer (for Si carrier). The scale bar of the insets is 25 pm.

than for flyers ejected at 1.8]/cm?. Such behaviour would seem
to indicate a deceleration or a change of transfer regime for those
higher fluences. To further investigate this behaviour, we have mea-
sured the diameter of the ablation craters in the donor films left
behind by the ejected flyer as shown in Fig. 9.

For a fixed image mask as used throughout this experiment, it
was expected that crater size would remain constant or increase
only slightly for increasing fluence due to areas in the perimeter
of the imaged mask feature, where intensity, decaying in an expo-
nential fashion due to imperfect imaging, exceeded the transfer
threshold, resulting in a larger flyer being ejected. However, Fig. 9
shows a local minimum in crater size for SU-8/Si targets at around
2.5]/cm? confirming that craters, and as a consequence flyers, do
not have a constant or linear increasing diameter.

The beam diameter at the donor-carrier interface was ~20 pm,
estimated from microscope images of the donor damage at low flu-
ences. From Fig. 9 and previous experiments we can see that the
flyer shape is much larger. During flyer release, the flyer shears off
additional neighbouring donor areas and thus results in an increase
in flyer diameter. Although an exact cause of the observed variation
in flyer diameter is difficult to confirm, we assumed that different
factors could contribute to the observed flyers shape distribution.
It had been observed earlier in polymers that higher impact veloci-
ties on polymer can lead to different failure modes [47]. Slow donor
loading would induce brittle fracture (tensile failure mode) while
fast loads would induce a transition to a ductile (failure) regime
where shear crack growth is preferred. Thus a fast ‘push’ could lead
to a different transfer regime preferring straight edges in crater and
resulting flyer. This different failure mechanism would then cause a
differentamount of kinetic energy to be delivered to the flyer during
flyer ejection or on the other hand the donor accelerated at dif-
ferent rates would suffer from these different failure regimes. The
effect of varying crater size and velocity was not seen in the exper-
iments with Ge carrier and hence could be a consequence of the
relatively high fluences required for the Si carriers. In general, the
failure mode determines the resulting flyer edge quality and shape.
Additionally, the increased fluence could increase the likelihood
of non-linear multiphoton absorption, shock-induced changes [48]
or even heating of the flyer and hence its change in global or local
mechanical properties explaining the observed changes in flyer and
crater shape.

From our experiments here, we can also estimate the influ-
ence of the receiver by determining the fluence window FW, in
which flyers are either seen intact for shadowgraphy experiments,
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Fig. 10. Shadowgraph image of flyers ejected from a thick SU-8 film on a silicon carrier ejected at (a) 1.39]/cm?, (b) 1.69]/cm?, and (c) 2.05 ]/cm? respectively. Delay times
were 3.4 ps. Images were taken via a 100x objective. The scale bar is 20 wm in all figures.

Fig. 11. Shadowgraph images from LIBT events of a thick SU-8 donor on silicon carrier. Fluences were (a) 1.39]/cm2, (b) 2.05J/cm2, and (c) 3.46 J/cm2. Images were taken
with a CCD mounted 20 x objective and delay was 2.4 ws. The scale bar is 50 um in all figures.

or intact for LIBT experiments printing onto a receiver. This results
in a transfer window defined as:

Fu—Fyy

FW =
Fin

with Fy and Fy, the respective maximum and minimum fluence
for which flyers are ejected or deposited in intact state. FW for
thick flyers on Ge and Si was approximately 60%. For compari-
son, in an experiment using a polydimethylsiloxane-coated glass
receiver and a thin SU-8 donor from a Si carrier (flyers in transfer
were not imaged), FW was ~16%, compared to ~38% for shadowg-
raphy experiments, for flyers ejected from the donor. This indicates
that the influence of the receiver contributes to a reduction of this
transfer window by approximately a factor of two (~38%/16%). As
shown previously for LIFT, the reduction of transfer window can be
explained by shock waves reflecting off the surface of the receiver
[33] or destruction due to impact on the receiver [49]. Further, it
may as well be possible that the receiver might cause aberrations
leading to imperfect imaging of the object at the image plane which
in turn would increase the likelihood of fractured flyer ejection.

3.3. Transfer regimes of flyers

The influence of laser pulse energy, and thus fluence delivered to
the LIBT target, on the velocity and shape of a flyer, is further shown
in images of flyer ejection events. Fig. 10 shows shadowgraphs
taken with a 100x objective from a thin SU-8 on silicon target at
delays of 3.4 ws. For the selected fluences of 1.39]/cm?, 1.69]/cm?
and 2.05]/cm? propagation distance is described approximately by
the data presented in Fig. 8.

The flyers with the same conditions as for the one shown in
Fig. 10c have a different profile compared to the other flyers con-
firming the data of crater diameter shown in Fig. 9. They have a
smaller diameter and appear to miss the thin rim seen in the other
flyers of Fig. 10. However, they only propagate to a distance similar
to a flyer ejected at a fluence of 1.69 J/cm?, hence not all the excess
energy deposited into the target is used for acceleration of the flyer
in a direction away from the donor.

When using an objective with 20x magnification with a thick
SU-8/Si target, debris distribution and fast particles can be better
detected due to the larger field of view. Fig. 11 shows transfer events
for low (1.39]/cm?), medium (2.05]/cm?) and high (3.46]/cm?)
fluences. Note that for these medium fluences, intact flyers only
occurred in ~50% of transfer events and were never seen for high
fluences.
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Fig. 12. Distance versus delay for thick SU-8/Si and different transfer regimes. Note
that for the two higher fluences, distance values are shown for the main fragments,
while for the lowest fluence, only intact flyers are shown.

For low fluences in more than 90% of the cases, the flyer was
intact. As shown in Fig. 11, small amounts of debris presumably
from the perimeter of the sheared flyer are visible. As the flyer
appears to be slightly smaller than shown in Fig. 9, we assumed
that one of the sources of such debris is the perimeter of the flyer.
For medium fluences as for the flyer in Fig. 11b, disintegration of
the main flyer is apparent at a distance of around 50 wm, the num-
ber of small particles or debris has increased, and at the centre of
the image, an additional compact and relatively large feature can be
seen which is connected with a long string of material to the lower,
main flyer. Such a string or jet is an indicator of molten material
and could explain the saturation of the main flyer velocity caused
by a change in donor material phase and hence different mechan-
ical properties [50]. Also, melting of the carrier at these relatively
large fluences is likely to occur.

For high fluences, the molten features are still visible in the
upper part of the image together with a large quantity of small par-
ticles. The main flyer is seen to have broken up in several pieces in a
typical fashion for non-intact transfer. For the two higher fluences,
seen near the crater, residual light emission is visible, originating
from the incident laser pulse as the relatively long camera exposure
time includes both laser pulse and flash lamp pulse events.

Fig. 12 emphasises further the different transfer regimes by
showing propagation distances of intact flyers and large fragments
of the main flyer. The largest extracted velocities for fragments seen
at high fluences was ~40 m/s.

4. Conclusions

We have demonstrated the time-resolved shadowgraph imag-
ing of thin transparent epoxy-based polymer SU-8 films via
femtosecond laser-induced backward transfer. Flyer velocity,
transfer regimes and intact transfer window were determined
for different thicknesses (3.4wm and 6.8 um), delay times
(1.4-16.4 ps) and carrier substrates of silicon and germanium for
fluences of 0.5-3.5]/cm?2. Observed velocities were in the range
of 6-20m/s for different donor thicknesses, carriers and laser
fluences. We have seen that flyer velocity is a function of laser
fluence with a gradient of 0.023+0.01 m/sm]~! cm? for Ge and
0.014+0.01 m/sm]J~! cm? for Si carriers in intact state and flyers
removed around threshold fluence. However, for Si carriers and
large fluences, the crater found in the donor, the flyer shape and
reduced flyer propagation velocity indicate a different flyer failure
regime than for low fluences. Also, we have not detected any shock

waves which are known to compromise flyer integrity during LIFT
experiments. The receiver has shown to be responsible for a reduc-
tion of the fluence transfer window by approximately a factor of
two. Among the tested carriers, due to their relatively low ejec-
tion threshold a germanium carrier is preferred over the silicon
one. These findings are helpful for better understanding of the LIBT
process, for e.g. future modelling, and to determine experimental
parameters for LIBT printing intact deposits.
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Appendix B

LIBT code

In this section, the MATLAB code detailing the differential equation used to generate
the results in section 4.3 is shown. Simple wrapper functions used to define starting
parameters, as well as to save and graph results are excluded; instead input param-
eters are stated in commented code at the start. The development of this modelling
work is ongoing, and has been included to demonstrate the level of agreement between
experimental and simulated fluence vs. velocity curves for LIBT flyers achieved thus

far.
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%
%

% t is time, required input for ode45 solver

% g is matrix defining all X,y,z positions and velocities in known order,

% decomposed into relevant parts within function

% N is 2x1 vector of number of carrier layers, number of donor layers

% m is 2x1 vector of masses of carrier and donor volume elements

% EAz is 3D matrix of young"s modulus for springs in z-direction multiplied
% by cross sectional area, E carrier = 170e9, E donor = 2e9 for silicon and
% SU-8

% xyStep is lattice spacing in x and y, 6.66 microns

% carrZStep is lattice spacing in z for carrier, 5 microns

% numXSteps is number of lattice points in x direction, 9

% numYSteps is number of lattice points in y direction, 9

% numZSteps is total z steps in lattice, 15

% donZStep is lattice spacing in z for donor, either 3.8/5 or 6.4/5 microns
% totSprings is total number of springs = 15*9*9

% specHeats are specific heats of carrier and donor in Sl units, [710,1500];
% thermConds are thermal conductances of carrier and donor in Sl units,
[130,0.2]

% thermExps are thermal expansions in Sl units [2.6e-6,1e-4];

% poissRats are poisson ratios [0.27,0.22];

% restTemp is rest temperature, 300C

% carrTensStre is upper tensile strength of carrier, 7e9;

% donTensStre is donor tensile strength, 34e6;

% interTensStre is maximum adhesion force between donor and carrier, 2.3e6;
% rigEdgeCheck checks whether you want bottom and sides of simulation

% fixed, always set to true for final rounds of simulations

Dan Heath 20160601

S

S

S

SEEIS

S

SEFFS

function dq =
LIBT2DThermalODE20160817_thesis(t,q,N,m,EAz,EAxy,xyStep,carrZStep, numxSteps,n
umYSteps, numZSteps,donZStep, . - .

totSprings, specHeats, thermConds, thermExps, poissRats, restTemp,carrTensStre,don
TensStre, interTensStre, rigedgeCheck)

carrLatIntfac = carrZStep*xyStep;% get size of lateral interface for
F=EA/L*dx in carrier

donLatIntfac = donZStep*xyStep;

vertintfac = xyStep”2;% get size of vertical interface

XPos = reshape(q(1:totSprings),numYSteps,numXSteps,numZSteps) ;

yPos = reshape(q(totSprings+1:2*totSprings),numYSteps,numXSteps,numZSteps);
zPos = reshape(q(2*totSprings+1:3*totSprings),numYSteps,numXSteps,numZSteps) ;
VX reshape(q(3*totSprings+1:4*totSprings) ,numYSteps, numXSteps, numZSteps) ;

vy = reshape(q(4*totSprings+1:5*totSprings),numYSteps,numXSteps,numZSteps) ;
vz = reshape(q(5*totSprings+1:6*totSprings),numYSteps,numXSteps,numZSteps) ;
temps =

reshape(q(6*totSprings+1:7*totSprings),numyYSteps, numXSteps,numZSteps) ;

% keep track of whether springs have snapped. Each mass will be connected
% to 6 springs, with the 3 defined below as the springs going "“into" the



% mass, the 3 ~“outgoing” springs will be detined as broken by whether the

% adjacent "ingoing® springs into adjacent masses have snapped (i.e. only

% have to keep track of 3 more big arrays...)

snapX =
reshape(q(7*totSprings+1:8*totSprings) ,numYSteps, numXSteps, numZSteps) ;

snapY =
reshape(q(8*totSprings+1:9*totSprings) ,numYSteps, numXSteps,numZSteps) ;

snapZ =
reshape(q(9*totSprings+1:10*totSprings) ,numYSteps, numxSteps,numZSteps);
interSnapX = snapX(:,l:numXSteps-1,:);% snaps used with tensions and heat
flows, which work better with the "inbetween® springs values (end elements of
snap arrays only exist for concatenation at end, are constant)

interSnapY = snapY(1l:numYSteps-1,:,:);

interSnapZ = snapZ(:,:,l:numZSteps-1);

% keep track of absolute distance between point masses, to be used for

% absolute tension and defining whether snapped this iteration, as well as

% then going on to work out interface of springs from each point mass

% before finally working out tensions

% Note: these are the absolute separations for springs that "should® be

% adjacent in X, y, z, not their xyz components. Need to apply these to get
% components of force later

absSepsX = sqrt((xPos(:,2:numXSteps,:) - xPos(:,l:numXSteps-1,:)).-"2 +
(yPos(:,2:numXSteps,:) - yPos(:,l:numXSteps-1,:)).-~2 + (zPos(:,2:numXSteps, :)
- zPos(:,1:numXSteps-1,:))-"2);% get separations for springs adjacent in X
sepsX = abs(xPos(:,2:numXSteps,:) - xPos(:,l:numXSteps-1,:));% major
difference in 0803 version, never really made sense to define equilibrium
positions based on slightly weird forces - this version uses tensions based
on adjacent separations, applies cantilever forces separately

absSepsY = sqrt((xPos(2:numYSteps,:,:) - xPos(l:numYSteps-1,:,:)).-"2 +
(yPos(2:numYSteps,:,:) - yPos(l:numYSteps-1,:,:)).~2 + (zPos(2:numYSteps, :,:)
- zPos(1l:numYSteps-1,:,:))-"2);% in Y direction

sepsY = abs(yPos(2:numYSteps,:,:) - yPos(l:numYSteps-1,:,:));

absSepsZ = sqrt((xPos(:,:,2:numZSteps) - xPos(:,:,l:numZSteps-1)).72 +
(yPos(:,:,2:numZSteps) - yPos(:,:,l:numZSteps-1)).72 + (zPos(:,:,2:numZSteps)
- zPos(:,:,1:numZSteps-1)).72);% in Z direction

sepsZ = abs(zPos(:,:,2:numZSteps) - zPos(:,:,l:numZSteps-1));

restLengthsX = temps - restTemp;
restLengthsY = restlLengthsX;
restLengthsZ = restlLengthsX;

% get rest lengths while at particular temperature

restLengthsz(:,:,1:N(1)) =
(thermExps(1)*restLengthsz(:,:,1:N(1))+1)*carrZStep;% generate current "rest”
lengths for carrier in z

restLengthsZ(:,:,N(1)+1:N(1)+N(2)) =
(thermExps(2)*restLengthszZ(:, : ,N(1)+1:N(1)+N(2))+1)*donZStep;% generate
current "rest” lengths for donor in z

restLengthsX(:,:,1:N(1)) =
((thermExps(1)*restLengthsX(:,:,1:N(1))+1)*xyStep);
restLengthsX(:,:,N(1)+1:N(1)+N(2)) =
((thermExps(2)*restLengthsX(:, : ,N(1)+1:N(1)+N(2))+1)*xyStep);

restLengthsY(:,:,1:N(1)) =
((thermExps(1l)*restLengthsY(:,:,1:N(1))+1)*xyStep);



restLengthsY(:,:,N(1)+1:N(1)+N(2)) =
((thermExps(2)*restLengthsY(:, : ,N(1)+1:N(1)+N(2))+1)*xyStep);

% % in order to work out compressions properly, need to know whether some
% % springs have snapped. Work out how long they would be at snapping point,
% % use this in compression if snapped, use intPos if not

% start dealing with poisson ratio. First go through and get interface

% positions between springs with regular rest lengths, then apply

% compressions from the two orthogonal directions to each xyz direction for
% new rest lengths, redefine rest lengths, kxyz, interface positions for

% all directions

kzZ = 2*EAz./restLengthsZ;

intPosZ = (kZ(:,:,2:numZSteps) -*sepsZ + kZ(:,:,1:numZSteps-

1) - *restLengthsZ(:, :,1:numZSteps-1)/2 -

kZ(:,:,2:numZSteps) -*restLengthszZ(:, :,2:numZSteps)/2)./(kZ(:,:,2:numZSteps) +
kz(:,:,1:numZSteps-1));

currZAbove = restLengthsz/2;

currZBelow = restlLengthsz/2;

currZAbove(:,:,1l:numZSteps-1) = intPosZ.*(interSnapZ == 0) +
currZAbove(:,:,1:numZSteps-1).*(interSnapZ ~= 0);% distance to end of spring
above is interface position if not snapped, rest length if snapped (not
actually rest length, but this will contribute zero compression as required
for a snapped spring)

currZBelow(:,:,2:numZSteps) = (sepsZ - intPoszZ).*(interSnapZ == 0) +
currzBelow(:,:,2:numZSteps) .*(interSnapZ ~= 0);

compressZ = (currZAbove+currZBelow) ./restLengthsZ;

kX = 2*EAxy./restLengthsX;

intPosX = (kX(:,2:numXSteps, :).*sepsX + kX(:,1l:numXSteps-
1,:).*restLengthsX(:,1:numXSteps-1,:)/2 -

kX(:z,2:numXSteps, :) -*restLengthsX(:,2:numXSteps, :)/2) ./ (kX(:,2:numXSteps,:) +
kX(:,1l:numXSteps-1,:));

currxXAbove = restlLengthsX/2;

currXBelow = restLengthsX/2;

currXAbove(:,1:numXSteps-1,:) = intPosX.*(interSnapX == 0) +
currxXAbove(:,1:numXSteps-1,:).*(interSnapX ~= 0);% distance to end of spring
above is interface position if not snapped, rest length if snapped (not
actually rest length, but this will contribute zero compression as required
for a snapped spring)

currXBelow(:,2:numXSteps,:) = (sepsX - intPosX).*(interSnapX == 0) +
currxBelow(:,2:numXSteps, :)-*(interSnapX ~= 0);

compressX = (currXAbove+currXBelow)./restlLengthsX;

kY = 2*EAxy./restLengthsY;

intPosY = (kY(2:numYSteps,:,:)-*sepsY + kY(1:numYSteps-
1,:,:)-*restLengthsY(1:numYSteps-1,:,:)/2 -

kY(2:numYSteps, -, 1) -*restlLengthsY(2:numYSteps, :,:)/2)./(kY(2:numYSteps,:,:) +
kY(1:numYSteps-1,:,:));

currYAbove = restlLengthsY/2;

currYBelow = restLengthsY/2;

currYAbove(1:numYSteps-1,:,:) = intPosY.*(interSnapY == 0) +
currYAbove(1:numYSteps-1,:,:).*(interSnapY ~= 0);% distance to end of spring
above is interface position if not snapped, rest length if snapped (not
actually rest length, but this will contribute zero compression as required
for a snapped spring)



curryBelow(Z2:numysteps,:,:) = (SepsY - IntPosY).*(intersnapY == 0) +
currYBelow(2:numYSteps, :,:)-*(interSnapY ~= 0);
compressY = (currYAbove+currYBelow)./restlLengthsY;

restLengthsZ(:,:,1:N(1)) = restLengthsz(:z,:,1:N(1))-*(1-
poissRats(1)*(compressX(:,:,1:N(1))-1)).*(1-
poissRats(1)*(compressY(:,:,1:N(1))-1));

restLengthszZ(:,:,N(1)+1:numZSteps) = restLengthszZ(:,:,N(1)+1:numZSteps) .*(1-
poissRats(2)*(compressX(:,:,N(1)+1:numZSteps)-1)).*(1-
poissRats(2)*(compressY(:,:,N(1)+1:numZSteps)-1));

restLengthsX(:,:,1:N(1)) = restLengthsX(:,:,1:N(1)).-*(1-
poissRats(1l)*(compresszZ(:,:,1:N(1))-1)).*(1-
poissRats(1)*(compressY(:,:,1:N(1))-1));

restLengthsX(:,:,N(1)+1:numZSteps) = restLengthsX(:,:,N(1)+1:numZSteps).*(1-
poissRats(2)*(compresszZ(:,:,N(1)+1:numZSteps)-1)).*(1-
poissRats(2)*(compressY(:,:,N(1)+1:numZSteps)-1));

restLengthsY(:,:,1:N(1)) = restLengthsY(:,:,1:N(1))-*(1-
poissRats(1)*(compresszZ(:,:,1:N(1))-1)).*(1-
poissRats(1)*(compressX(:,:,1:N(1))-1));

restLengthsY(:, : ,N(1)+1:numZSteps) = restlLengthsY(:,:,N(1)+1:numZSteps) . *(1-
poissRats(2)*(compressZ(:,:,N(1)+1:numZSteps)-1)).*(1-
poissRats(2)*(compressX(:,:,N(1)+1:numZSteps)-1));

kZ = 2*EAz./restlLengthsZ;

intPoszZ = (kZ(:,:,2:numZSteps).-*sepsZ + kZ(:,:,l:numZSteps-

1) .*restLengthsZ(:, :,1:numZSteps-1)/2 -

kzZ(:,:,2:numZSteps) -*restLengthszZ(:,:,2:numZSteps)/2)./(kZ(:,:,2:numZSteps) +
kz(:,:,1:numZSteps-1));

currZAbove = restLengthsz/2;

currZBelow = restLengthsz/2;

currZAbove(:,:,1:numZSteps-1) = intPosZ.*(interSnapZ == 0) +
currZAbove(:,:,1:numZSteps-1).*(interSnapZ ~= 0);% distance to end of spring
above is interface position if not snapped, rest length if snapped (not
actually rest length, but this will contribute zero compression as required
for a snapped spring)

currzBelow(:,:,2:numZSteps) = (sepsZ - intPosZ).*(interSnapZ == 0) +
currzZBelow(:, :,2:numZSteps) .*(interSnapZ ~= 0);

kX = 2*EAxy./restLengthsX;

intPosX = (kX(:,2:numXSteps, :).-*sepsX + kX(:,1l:numXSteps-
1,:).*restLengthsX(:,1l:numXSteps-1,:)/2 -

kX(:,2:numXSteps, :) . *restLengthsX(:,2:numXSteps, :)/2)./(kX(:,2:numXSteps,:) +
kX(:,1:numXSteps-1,:));

currxXAbove = restlLengthsX/2;

currXBelow = restlLengthsX/2;

currxXAbove(:,1:numXSteps-1,:) = intPosX.*(interSnapX == 0) +
currxXAbove(:,1:numXSteps-1,:).*(interSnapX ~= 0);% distance to end of spring
above is interface position if not snapped, rest length if snapped (not
actually rest length, but this will contribute zero compression as required
for a snapped spring)

currXBelow(:,2:numXSteps,:) = (sepsX - intPosX).*(interSnapX == 0) +
currXBelow(:,2:numXSteps, :) .*(interSnapX ~= 0);

kY = 2*EAxy./restLengthsY;



INtPosY = (KY(Z2:numYSteps,:,:).*sepsY + KY(l:numySteps-
1,:,:)-*restLengthsY(1:numYSteps-1,:,:)/2 -

kY(2:numYSteps, -, 1) -*restLengthsY(2:numYSteps, :,:)/2)./(kY(2:numYSteps,:,:) +
kY(1:numYSteps-1,:,:));

currYAbove = restlLengthsY/2;

currYBelow = restLengthsY/2;

currYAbove(1:numYSteps-1,:,:) = intPosY.*(interSnapY == 0) +
currYAbove(1:numYSteps-1,:,:).*(interSnapY ~= 0);% distance to end of spring
above is interface position if not snapped, rest length if snapped (not
actually rest length, but this will contribute zero compression as required
for a snapped spring)

currYBelow(2:numYSteps,:,:) = (sepsY - intPosY).*(interSnapY == 0) +
currYBelow(2:numYSteps, :,:).*(interSnapY ~= 0);

% % define cantilever spring constants
kCZy = EAz(:,:,1l:numZSteps-1).*(currXAbove(:,:,1:numZSteps-1) +

currxXBelow(:, :,1:numZSteps-1)).*(currYAbove(:, :,1:numZSteps-1) +
currYBelow(:, :,1:numZSteps-1)) ."3./(4*intPosZ."3*xyStep”2);% for y
deflections in z rest springs, X thickness

kCZx = EAz(:,:,1l:numZSteps-1).*(currYAbove(:,:,1:numZSteps-1) +
currYBelow(:, :,1:numZSteps-1)).*(currXAbove(:, :,1:numZSteps-1) +
currxXBelow(:, :,1:numZSteps-1)) .M3./(4*intPosZ."3*xyStep”™2);% for x
deflections in z rest springs, y thickness

kCXy = EAxy(:,1l:numXSteps-1,:).*(currZAbove(:,1:numXSteps-1,:) +
currZBelow(:,1:numXSteps-1,:)).*(currYAbove(:,1:numXSteps-1,:) +
currYBelow(:,1:numXSteps-1,:))."3.7(4*intPosX."3);

KCXy(:z,:,1:N(1)) = kCXy(:,:,1:N(1))./carrLatintfac;

KCXy(:, :,N(1)+1:numZSteps) = kCXy(:,:,N(1)+1l:numZSteps) ./donLatintfac;
kCXz = EAxy(:,l:numXSteps-1,:).*(currYAbove(:,1:numXSteps-1,:) +
currYBelow(:,1:numXSteps-1,:)).*(currZAbove(:,1:numXSteps-1,:) +
currZBelow(:,1:numXSteps-1,:))-"3./(4*intPosX."3);

kCXz(:z,:,1:N(1)) = kCXz(:,:,1:N(1))-/carrLatintfac;
kCXz(:,:,N(1)+1:numZSteps) = kCXz(:,:,N(1)+1l:numZSteps)./donLatiIntfac;

kCYx = EAxy(1l:numYSteps-1,:,:).*(currZAbove(1l:numYSteps-1,:,:) +
currZBelow(1l:numYSteps-1,:,:))-*(currXAbove(1:numYSteps-1,:,:) +
currxXBelow(1:numYSteps-1,:,:))-"3./(4*intPosY."3);

kCYx(:,:,1:N(1)) = kCYx(:,:,1:N(1))-/carrLatIntfac;

kCYX(:, :,N(1)+1:numZSteps) = kCYX(:,:,N(1)+1:numZSteps) ./donLatIntfac;
kCYz = EAxy(1l:numYSteps-1,:,:).*(currXAbove(l:numYSteps-1,:,:) +
currxXBelow(1:numYSteps-1,:,:)).*(currZAbove(l:numYSteps-1,:,:) +
currzBelow(1:numYSteps-1,:,:))-"3./(4*intPosY."3);

kCYz(:,:,1:N(1)) = kCYz(:,:,1:N(1))./carrLatIntfac;
kCYz(:,:,N(1)+1:numzZSteps) = kCYz(:,:,N(1)+1:numZSteps) ./donLatIntfac;

% define cantilever deflections and forces
defXy = (yPos(:,2:numXSteps,:) - yPos(:,l:numXSteps-1,:)).*intPosX./sepsX;%
need to multiply this by intPos/sep

defXz = (zPos(:,2:numXSteps,:) - zPos(:,l:numXSteps-1,:)).*intPosX./sepsX;
defYx = (xPos(2:numYSteps,:,:) - XPos(l:numYSteps-1,:,:)).*intPosY./sepsY;
defYz = (zPos(2:numYSteps,:,:) - zPos(l:numYSteps-1,:,:)).*intPosY./sepsY;
defzZx = (xPos(:,:,2:numZSteps) - xPos(:,:,l:numZSteps-1)).*intPosZ./sepsZ;
defZy = (yPos(:,:,2:numZSteps) - yPos(:,:,l:numZSteps-1)).*intPosZ./sepsZ;

% Find values of tensions in springs - labels are based on X,y,z adjacence in
array



tensX = -KX(:I,l:numxsteps-1,:).*(INtPoOsSX - restLengthsX(:,l:numxsteps-
1,:)/72);% define positive as when spring is shorter than rest, last spring is
attached to nothing
tensY = -kY(1:numYSteps-1,:,:).*(intPosY - restLengthsY(1:numYSteps-

1,:)/2);
tensZ = -kZ(:,:,1l:numZSteps-1).*(intPosZ - restLengthszZ(:,:,1:numZSteps-
1)72);

% need some way to stop springs moving through each other, exponential

% increase in tension if they get too close?

nonLinFrac = 0.4;

xOverComp = intPosX < nonLinFrac*restLengthsX(:,l:numXSteps-1,:);

tensX = tensX.*(~xOverComp) +
xOverComp.*tensX.*nonLinFrac.*restLengthsX(:,1:numXSteps-1, ) /abs(intPosX);
yOverComp = intPosY < nonLlnFrac*restLengtth(l numYSteps-1,:,:);

tensY = tensY.*(~yOverComp) +
yOverComp.*tensY.*nonLinFrac.*restLengthsY(1:numYSteps-1, :,:)./abs(intPosY);
zOverComp = intPosZ < nonLinFrac*restlLengthsz(:,:,1:numZSteps-1);

tensZ = tensZ.*(~zOverComp) +
zOverComp.*tensZ.*nonLinFrac.*restLengthsZ(:,:,1:numZSteps-1)./abs(intPosZ);

% find cantilever tensions in springs

cantXy = -kCXy.*defXy;
cantXz = -kCXz.*defXz;
cantYx = -kCYx.*defYx;
cantYz = -kCYz.*defYz;
cantZx = -kCZx.*defZx;
cantZy = -kCZy.*defZy;

% set broken springs to zero cantilever tension

cantXy(interSnapX ~= 0) = 0;
cantXz(interSnapX ~= 0) = 0;
cantyYx(interSnapY ~= 0) = 0;
cantYz(interSnapY ~= 0) = 0;
cantZx(interSnapZ ~= 0) = 0;
cantZy(interSnapZ ~= 0) = 0;

stressXx = tensX./((currZAbove(:,l:numXSteps-1,:) + currZBelow(:,1l:numXSteps-
1,:))-*CcurrYAbove(:,1:numXSteps-1,:) + currYBelow(:,1l:numXSteps-1,:)));
stressXy = 6*cantXy.*intPosX./((currZAbove(:,1l:numXSteps-1,:) +
currZBelow(:,1:numXSteps-1,:))-*(currYAbove(:,1l:numxSteps-1,:) +
currYBelow(:,1:numXSteps-1,:))-"2);

stressXz = 6*cantXz.*intPosX./((currYAbove(:,1l:numXSteps-1,:) +
currYBelow(:,1:numXSteps-1,:)).*(currZAbove(:,1:numXSteps-1,:) +
currzBelow(:,1:numXSteps-1,:)).-2);

% apply correction factor to cantilever stress
stressXy(:,:,N(1)+1:numZSteps) =

stressXy(:, : ,N(1)+1:numzZSteps) . *(1+(xyStep/ (N(2)*donZStep) -

1) .*(abs(vy(:,2:numXSteps,N(1)+1:numZSteps)-vy(:,1:numxSteps-
1,N(1)+1:numzSteps)) -/max(abs(vy(:,2:numXSteps,N(1)+1:numZSteps)),abs(vy(:,1:
numXSteps-1,N(1)+1:numZSteps)))));

stressXy(isnan(stressXy)|isinf(stressXy)) = 0;



stressXz(:,:,N(1)+1l:numZSteps) =
stressXz(:,:,N(1)+1:numZSteps) . *(1+(xyStep/ (N(2)*donZStep) -

1) .*(abs(vz(:,2:numXSteps,N(1)+1:numZSteps)-vz(:,1:numXSteps-
1,N(1)+1:numZSteps)) -/max(abs(vz(:,2:numXSteps,N(1)+1:numZSteps)),abs(vz(:,1:
numXSteps-1,N(1)+1:numZSteps)))));

stressXz(isnan(stressXz)|isinf(stressXz)) = 0;

stressYy = tensY./((currZAbove(l:numYSteps-1,:,:) + currZBelow(1l:numYSteps-
1,:,:))-*(currXAbove(1:numYSteps-1,:,:) + currXBelow(1:numYSteps-1,:,:)));
stressYx = 6*cantYx.*intPosY./((currZAbove(1l:numYSteps-1,:,:) +
currzBelow(1:numYSteps-1,:,:)).-*(currXAbove(l:numYSteps-1,:,:) +
currXBelow(1:numYSteps-1,:,:))-"2);

stressYz = 6*cantYz.*intPosY./((currXAbove(l:numYSteps-1,:,:) +
currXBelow(1l:numYSteps-1,:,:))-*(currZAbove(1:numYSteps-1,:,:) +
currZBelow(1:numYSteps-1,:,:))-"2);

% apply correction factor to cantilever stress
stressYx(:,:,N(1)+1:numZSteps) =

stressYx(:, :,N(1)+1:numZSteps) . *(1+(xyStep/ (N(2)*donZStep) -

1) . *(abs(vx(2:numYSteps, : ,N(1)+1:numZSteps)-vx(1l:numyYSteps-

1, :,N(1)+1:numZSteps)) -/max(abs(vx(2:numYSteps, : ,N(1)+1:numZSteps)) ,abs(vx(1:
numYSteps-1, : ,N(1)+1:numZSteps)))));
stressYx(isnan(stressYx)|isinf(stressYx)) = 0;
stressYz(:,:,N(1)+1:numZSteps) =
stressYz(:,:,N(1)+1:numZSteps) . *(1+(xyStep/ (N(2)*donZStep) -

1) .*(abs(vz(2:numYSteps, : ,N(1)+1:numZSteps)-vz(1l:numyYSteps-
1,:,N(1)+1:numZSteps)) ./max(abs(vz(2:numYSteps, : ,N(1)+1:numZSteps)) ,abs(vz(1:
numYSteps-1, : ,N(1)+1:numZSteps)))));
stressYz(isnan(stressYz)|isinf(stressYz)) = 0;

stressZz = tensZ./((currYAbove(:,:,1:numZSteps-1) +
currYBelow(:, :,1:numZSteps-1)).*(currXAbove(:, :,1:numZSteps-1) +
currxXBelow(:, :,1:numZSteps-1)));

stressZx = 6*cantZx.*intPosZ./((currYAbove(:,:,1:numZSteps-1) +
currYBelow(:,:,1:numZSteps-1)).*(currXAbove(:, :,1:numZSteps-1) +
currxBelow(:, :,1:numZSteps-1)).-2);

stressZy = 6*cantZy.*intPosZ./((currXAbove(:,:,1:numZSteps-1) +
currXBelow(:, :,1:numZSteps-1)).*(currYAbove(:, :,1l:numZSteps-1) +
currYBelow(:,:,1:numZSteps-1))-"2);

% define von Mises stress in each direction

VMx = sgrt(((stressXx - stressXy).”2 + (stressXx - stressXz).”2 + (stressXy -
stressXz) ."2)/2);

vMy = sqrt(((stressYx - stressYy)."2 + (stressYx - stressYz).”2 + (stressYy -
stressYz)."2)/2);

vMz = sqgrt(((stressZx - stresszZy).”2 + (stressZx - stressZz).”2 + (stressZy -
stressZz) ."2)/2);

% set whether any snaps occur this time instant - ugly way of doing it, but
% step functions within ode are really awkward

reducFac = 1lel5;

dSnapX = zeros(numYSteps,numXSteps,numZSteps);

dSnapY = dSnapX;

dSnapZ dSnapX;

dSnapX(:,1l:numXSteps-1,1:N(1)) = dSnapX(:,1l:numXSteps-1,1:N(1)) +
reducFac*(((vMx(:,:,1:N(1)) > carrTensStre) & restLengthsX(:,1:numXSteps-
1,1:N(1))/2 < absSepsX(:,:,1:N(1)).*intPosX(:,:,1:N(1))./sepsX(:,:,1:N(D)) 1



abs(stressxy(:,:,1:N(1))) > carrlensStre/sqrt(3) | abs(stressxz(:,:,1:N(1)))
> carrTensStre/sqrt(3));

dSnapX(:,1l:numXSteps-1,N(1)+1:numZSteps) = dSnapX(:,1l:numXSteps-
1,N(1)+1:numzZSteps) + reducFac*(((vMx(:,:,N(1)+1:numZSteps) > donTensStre) &
restLengthsX(:,1l:numXSteps-1,N(1)+1:numZSteps)/2 <
absSepsX(:,:,N(1)+1:numZSteps) . *intPosX(:, :,N(1)+1:numZSteps) ./sepsX(:,:,N(1)
+1:numZSteps)) | abs(stressXy(:,:,N(1)+1:numZSteps)) > donTensStre/sqrt(3) |
abs(stressXz(:, : ,N(1)+1:numZSteps)) > donTensStre/sqrt(3));
dSnapY(1:numYSteps-1,:,1:N(1)) = dSnapY(1l:numYSteps-1,:,1:N(1)) +
reducFac*(((vWMy(:,:,1:N(1)) > carrTensStre) & restLengthsY(1:numYSteps-
1,:,1:N(1))/2 < absSepsY(:,:,1:N(1))-*intPosY(:,:,1:N(1))-/sepsY(:,:,1:N(1)))
| abs(stressYx(:,:,1:N(1))) > carrTensStre/sqrt(3) |
abs(stressYz(:,:,1:N(1))) > carrTensStre/sqrt(3));
dSnapY(1:numYSteps-1, : ,N(1)+1:numZSteps) = dSnapY(1l:numYSteps-
1,:,N(1)+1:numZSteps) + reducFac*(((vMy(:,:,N(1)+1:numZSteps) > donTensStre)
& restLengthsY(1:numYSteps-1,:,N(1)+1:numZSteps)/2 <
absSepsY(:,:,N(1)+1:numZSteps).*intPosY(:,:,N(1)+1:numZSteps) ./sepsY(:,:,N(1)
+1:numZSteps)) | abs(stressYx(:,:,N(1)+1:numZSteps)) > donTensStre/sqrt(3) |
abs(stressYz(:, :,N(1)+1:numZSteps)) > donTensStre/sqrt(3));
dSnapZ(:,:,1:N(1)-1) = dSnapZ(:,:,1:N(1)-1) + reducFac*(((vMz(:,:,1:N(1)-1) >
carrTensStre) & restlLengthsZ(:,:,1:N(1)-1)/2 < absSepsZ(:,:,1:N(1)-

1) .*intPosZ(:,:,1:N(1)-1)./sepsZ(:,:,1:N(1)-1)) | abs(stresszx(:,:,1:N(1)-1))
> carrTensStre/sqrt(3) | abs(stresszZy(:,:,1:N(1)-1)) > carrTensStre/sqrt(3));
dSnapZ(:,:,N(1)) = dSnapZ(:,:,N(1)) + reducFac*(((vMz(:,:,N(1)) >
interTensStre) & restlLengthsZ(:,:,N(1))/2 <
absSepsZ(:,:,N(1)).*intPosZ(:,:,N(1))./sepsZ(:,:,N(1))) |
abs(stresszx(:,:,N(1))) > interTensStre/sqrt(3) | abs(stresszy(:,:,N(1))) >
interTensStre/sqrt(3));

dSnapZ(:,:,N(1)+1:numZSteps-1) = dSnapZ(:,:,N(1)+1:numZSteps-1) +
reducFac*(((vMz(:,:,N(1)+1:numZSteps-1) > donTensStre) &
restLengthszZ(:,:,N(1)+1:numZSteps-1)/2 < absSepszZ(:,:,N(1)+1:numZSteps-

1) .*intPoszZ(:, : ,N(1)+1:numzZSteps-1)./sepsZ(:, : ,N(1)+1:numZSteps-1)) |
abs(stresszx(:, : ,N(1)+1:numZSteps-1)) > donTensStre/sqrt(3) |
abs(stresszZy(:,:,N(1)+1:numZSteps-1)) > donTensStre/sqrt(3));

tensX(tensX < 0 & interSnapX~=0)
tension if under extension

tensY(tensY < 0 & interSnapY~=0)
tensZ(tensZ < 0 & interSnapZ~=0)
cantXy(interSnapX~=0)
cantXz(interSnapX~=0)
cantYx(interSnapY~=0)
cantYz(interSnapY~=0)
cantZx(interSnapZ~=0)
cantZy(interSnapZ~=0)

0;% try just setting snapped springs to O

0;
0;

eNoNoloNoNe)

% define total forces acting on each mass in each direction
forceX = zeros(numYSteps,numXSteps,numZSteps);
forceX(:,2:numXSteps, :) = tensX;

forceX(:,l:numXSteps-1,:) = forceX(:,l:numXSteps-1,:) - tensX;
forceX(2:numYSteps, :,:) = ForceX(2:numYSteps,:,:) + cantYx;
forceX(1:numYSteps-1,:,:) = forceX(l:numYSteps-1,:,:) - cantYx;
forceX(:, :,2:numZSteps) forceX(:,:,2:numZSteps) + cantZx;
forceX(:,:,1:numZSteps-1) = forceX(:,:,l:numZSteps-1) - cantZx;

1N\~ |

forceY = zeros(numYSteps,numXSteps,numZSteps);
forceY(:,2:numXSteps, :) = cantXy;



torceY(:,l:numxSteps-1,:) = torceY(:,l:numxSteps-1,:) - cantXy;
forceY(2:numYSteps,:,:) = forceY(2:numYSteps,:,:) + tensY;
forceY(1:numYSteps-1,:,:) = forceY(1l:numYSteps-1,:,:) - tensY;
forceY(:,:,2:numzZSteps) = FforceY(:,:,2:numZSteps) + cantZy;
forceY(:,:,1:numZSteps-1) = forceY(:,:,l:numZSteps-1) - cantZy;

forceZ = zeros(numYSteps,numXSteps,numZSteps);
forceZ(:,2:numXSteps, :) = cantXz;

forceZ(:,1l:numXSteps-1,:) = forcezZ(:,l:numXSteps-1,:) - cantXz;
forceZ(2:numYSteps, :,:) = forceZ(2:numYSteps,:,:) + cantYz;
forceZ(1:numYSteps-1,:,:) = forceZ(l:numYSteps-1,:,:) - cantYz;
forceZ(:,:,2:numZSteps) = forceZ(:,:,2:numZSteps) + tensZ;
forceZ(:,:,1:numZSteps-1) = forceZ(:,:,l:numZSteps-1) - tensZ;

(IR

% change forces to accelerations

forceX(:,:,1:N(1)) = forceX(:,:,1:N(1))./m(1);
forceX(:,:,N(1)+1:N(1)+N(2)) = ForceX(:,:,N(1)+1:N(1)+N(2))./m(2);
forceY(:,:,1:N(1)) = forceY(:,:,1:N(1))./m(1);
forceY(:,:,N(1)+1:N(1)+N(2)) = forceY(:,:,N(1)+1:N(1)+N(2)).-/m(2);
forcez(:,:,1:N(1)) = forceZ(:,:,1:N(1))./m(1);

forcezZ(:,: ,N(1)+1:N(1)+N(2)) = ForcezZ(:,: ,N(1)+1:N(1)+N(2))./m(2);

% look into thermal boundary conductance - massive headache, but may be

% necessary.

dTdX = diff(temps,1,2)/xyStep;% think thermal conductivity changes inversely
with stretch, so the "step length® interested in should be kind of static
with expansion

dTdY = diff(temps,1,1)/xyStep;

dTdz = diff(temps,1,3);

dTdZ(:,:,1:N(1)-1) = dTdZ(:,:,1:N(1)-1)/carrZStep;

dTdzZ(:,:,N(1)) = 2*dTdZ(:,:,N(1))/(carrZStep+donZStep);% special case at
interface, this should really be based on thermal boundary conductance, but
can"t find any useful values

dTdZ(:,: ,N(1)+1:numZSteps-1) = dTdZ(:,:,N(1)+1:numZSteps-1)/donZStep;

% negligible heat flow between broken springs

dTdX(interSnapX~=0) = 0;% reduce heat flow between any springs currently
beyond UTS
dTdY(interSnapY~=0)
dTdZ(interSnapzZ~=0)

0;
0;

heatFlow = zeros(numYSteps,numXSteps,numZSteps);

% calc total heat entering each point mass via X transmission
heatFlow(:,2:numXSteps,1:N(1)) = -
thermConds(1)*carrLatIntfac*dTdX(:,:,1:N(1));% heat gained from below (-ve x,
not “below®, but whatever)

heatFlow(:,1:numXSteps-1,1:N(1)) = heatFlow(:,1:numXSteps-1,1:N(1)) +
thermConds(1)*carrLatintfac*dTdX(:,:,1:N(1));% heat lost to above,
+thermConds this time because adding heat flow in opposite direction to +ve
temp gradient direction

heatFlow(:,2:numXSteps,N(1)+1:numZSteps) =
heatFlow(:,2:numXSteps,N(1)+1:numZSteps) -
thermConds(2)*donLatIntfac*dTdX(:, : ,N(1)+1:numZSteps);
heatFlow(:,1:numXSteps-1,N(1)+1:numZSteps) = heatFlow(:,1:numXSteps-
1,N(1)+1:numZSteps) + thermConds(2)*donLatIntfac*dTdX(:,:,N(1)+1:numZSteps);%
-thermConds this time because adding heat flow in opposite direction to +ve
temp gradient direction



% calc total heat entering each point mass via y transmission
heatFlow(2:numYSteps, :,1:N(1)) = heatFlow(2:numYSteps,:,1:N(1)) -
thermConds(1)*carrLatintfac*dTdY(:,:,1:N(1));
heatFlow(1:numYSteps-1,:,1:N(1)) = heatFlow(1:numYSteps-1,:,1:N(1)) +
thermConds(1)*carrLatintfac*dTdY(:,:,1:N(1));% -thermConds this time because
adding heat flow in opposite direction to +ve temp gradient direction
heatFlow(2:numYSteps, : ,N(1)+1:numZSteps) =
heatFlow(2:numYSteps, : ,N(1)+1:numZSteps) -

thermConds(2)*donLatIntfac*dTdY(:, :,N(1)+1:numZSteps);
heatFlow(1:numYSteps-1,:,N(1)+1:numZSteps) = heatFlow(1l:numYSteps-
1,:,N(1)+1:numZSteps) +
thermConds(2)*donLatIntfac*dTdY(:, : ,N(1)+1:numZSteps);% +thermConds this time
because adding heat flow in opposite direction to +ve temp gradient direction
% calc total heat entering each point mass via z transmission
heatFlow(:,:,2:N(1)) = heatFlow(:,:,2:N(1)) -
thermConds(1)*vertintfac*dTdZ(:,:,1:N(1)-1);% special case here of only going
up to N(1)-1 because I"m fudging thermal boundary conductance by saying it"s
only the lower conductance that matters at the interface
heatFlow(:,:,1:N(1)-1) = heatFlow(:,:,1:N(1)-1) +
thermConds(1)*vertintfac*dTdZ(:,:,1:N(1)-1);% might start to get non-energy
conservation here...

heatFlow(:,:,N(1)) = heatFlow(:,:,N(1)) +
thermConds(2)*vertintfac*dTdZ(:,:,N(1));% special case where carrier loses
energy to above at max rate that donor can accept, hopefully irons out energy
conservation

heatFlow(:,: ,N(1)+1:numZSteps) = heatFlow(:,:,N(1)+1:numZSteps) -
thermConds(2)*vertintfac*dTdZ(:, : ,N(1) :numZSteps-1);% gain heat from below
heatFlow(:, : ,N(1)+1:numZSteps-1) = heatFlow(:,:,N(1)+1:numZSteps-1) +
thermConds(2)*vertintfac*dTdZ(:,:,N(1)+1:numZSteps-1);% lose heat to above

dT = heatFlow;
dT(:,:,1:N(1)) = dT(:,:,1:N(1))./(specHeats(1)*m(1));
dT(:,:,N(D)+1:numZSteps) = dT(:,:,N(1)+1:numZSteps)./(specHeats(2)*m(2));

iT rigEdgeCheck % set base and sides (not top) to zeros for velocity, force
setZero = false(numYSteps,numXSteps,numZSteps);
setZero(:,[1,numXSteps],:) = true;
setZero([1,numYSteps],:,:) = true;
setZero(:,:,1) = true;

vx(setZero) = 0;
vy(setZero) = 0;
vz(setZero) = 0;
forceX(setZero) = 0;
forceY(setZero) = 0;
forceZ(setZero) = 0;

end

dg =

reshape(cat(4,vx,vy,vz,forceX,forceY,forceZ,dT,dSnapX,dSnapY,dSnapzZ),totSprin
gs*10,1);

end



Appendix C

OPC automation description

In this appendix, a more detailed explanation of the algorithm used to generate au-
tomated Optical Proximity Corrections is given. The information follows on from the
example figures and values used in section 6.4, and refers initially to the field in Figure
6.11(b) as the ‘resultant field’ after a DMD mask have been imaged through an aperture.

Suppose the resultant field acts on a sample whose ablation threshold is some arbitrary
value (in this case the mean of the absolute resultant field value less 0.1 times the
standard deviation of points within the intended ideal field positions, a value chosen
purely for example, and not deliberately reflecting a real physical threshold). Above this
threshold, make the approximation that the ablation depth is linear with field amplitude
(a very simple model to demonstrate the effect of an ablation threshold). The depth
profile would then appear similar to that shown in Figure C.1; almost unrecognisable
from the original intensity mask in Figure 6.11(a).

Figure C.1: The theoretical depth profile of a material, in arbitrary units, after exposure
to a field imaged through an aperture.

The inherent thresholding in material responses allows intuitive pre-processing of the
resultant field in Figure 6.11(b) before back-propagation to the mask position. Rather
than attempting to bring the resultant field to an exact recreation of the intensity mask,
it may be satisfactory to bring the field amplitude within the ideal field point positions
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within a certain range of the mean, while any extraneous intensity may be tolerable
below a certain threshold outside of the ideal field point positions. With this in mind,
the resultant field in Figure 6.11(b) was thresholded to give three corrective terms.
Figure C.2(a) shows the field associated with ‘cold spots’, namely points within the
ideal field position whose amplitude is below threshold, with amplitude given by the
difference between threshold and current value; their phase is given by the phase of the
resultant field . Figure C.2(b) shows ‘hot external spots’, any points outside the ideal
field positions whose amplitude is above threshold (0.1 times the standard deviation
below the mean, very few points visible reached this value in the example); amplitude
given by difference between current value and threshold, phase given by resultant field
at each point. Finally, Figure C.2(c) shows ‘hot internal spots’, points within the ideal
image field whose value is above an arbitrary maximum; value given by amplitude above
this maximum compared to the resultant field, phase given by the phase of the resultant
at each point (in this case set as the 0.1 times the standard deviation above mean of
the resultant field values at intended ideal image points).

0.08
0.06
0.04

0.02

(a) ‘Cold spots’ in the resultant field (b) ‘Hot external spots’ in the resultant field

(c) ‘Hot internal spots’ in the resultant field

Figure C.2: The absolute values of the various corrective fields generated by thresh-
olding the resultant field in Figure 6.11(b), in arbitrary units.

By back-propagating a linear combination of these fields (in practice the cold spots
minus both hot spots), and adding it to the field at the mask plane (which on the first
iteration is binary valued and purely real), a new, complex field at the mask position
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is simulated. The problem then arises of how to represent a complex field on a binary
intensity mask. One approach, used in the generation of so-called ‘binary holograms’
[162], is to set any pixels at the mask plane whose phase, ¢, falls within the range
—m/2 < ¢ < 7/2 to ‘on’, while those outside the range are set to ‘off’. While this ap-
proach may be worth exploring, an alternate approach depending upon both phase and
amplitude has been developed, and will be referred to as Random Complex Summation
(RCS). A two-dimensional matrix M of the same size as the array of complex field
values is defined on the interval |0,1]. Complex field values are reduced to real values by
simply summing the real with imaginary parts, i.e. 0.5+0.5¢ — 1, 0.6 —0.2¢ — 0.4, and
compared to the corresponding value in M. If the reduced real value of the field exceeds
the value given in M, the value in the binary mask is set to 1, while it is set to 0 otherwise.

Although no formal derivation for the success of the RCS algorithm has been made, it
is likely based on similar principles to binary-rounding. In binary-rounding, switching
on pixels which are in phase will reflect coherent light such that it will constructively
interfere to form a hologram image. In RCS, field values where both real and imaginary
parts are positive are most likely to exceed the random threshold between 0 and 1 set
in M. Positive values only result from the reduction method in RCS from complex val-
ues with phases in the interval —7/4 < ¢ < 3w /4, effectively the same range of phase
values as in binary-rounding. The fundamental difference between binary-rounding and
RCS then, is that in binary-rounding any field value in the desired phase range will
certainly be set to 1, while in RCS the probability of being set to 1 varies with phase
and amplitude, even within the phase range where a positive reduced value is certain.

The RCS algorithm then allows for small perturbations to an intensity mask by re-
ducing a complex field to binary values, effectively confining changes to regions where
large field changes were made — such as those generated by the back-propagation of
the corrective fields here. A final piece of the OPC automation to consider, is that the
flat-top illuminated area of a DMD may be limited, as in section 6.2. For this example,
only pixels within a circle of radius 320 pixels at the centre of the DMD were allowed to
be switched on for successive iterations of the algorithm, which corresponded approxi-
mately to the illuminated region of the DMD seen in Figure 2.11°

The algorithm proceeds by generating updated corrective fields, as in Figure C.2, back-
propagating to the mask plane and generating a binary intensity mask through RCS,
before forward propagating in the next iteration. Simulated results are shown in Figure
C.3, using 100 iterations and thresholds as stated previously.
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0.4
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(a) Corrected binary intensity mask (b) Resultant field from corrected mask

(¢) Thresholded field from corrected mask

Figure C.3: The resulting binary mask, apertured field and material response.

The resultant field in Figure C.3(b) appears to contain significant intensity outside
the intended region, however this is misleading for the success of the technique when
a threshold is applied, as in Figure C.3(c). Comparing this thresholded response to
that shown as a result from an uncorrected mask, as in Figure C.1, there has been
a marked improvement in the fidelity of simulated material response. The corrected
binary mask shown in Figure C.3(a) was used displayed under a continuous train of
ultrafast pulses and imaged through a near-closed aperture onto a CMOS camera to
produce the resulting corrected image seen in Figure 6.12(d).
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Appendix D

Binary hologram discussion

In this appendix, a more detailed comparison of the RCSH and GSBR algorithms used
to produce binary holograms and introduced in section 6.5 is given. Additional modes
of functionality are shown, as well as an expanded level of consideration given to some
aspects of the technique. The work was not included in the main body of the thesis as it
has yet to produce experimental laser machining results, but has formed the basis of a
successful application for a Doctoral Prize Award, which will provide 1 year of funding
for its development and application to laser machining.

In the ordinary Gerchberg-Saxton algorithm, an intensity distribution is known at the
image plane, but not at the object plane, while phase distribution is free to vary at both
planes. For the generation of a binary hologram, however, it is required that all points
at the object plane are in phase (or varying only due to the beam illuminating the
DMD), while amplitude is zero or one (up to a uniform multiplier). Approximation of
the complex field via binary-rounding at the object plane sets this condition, while the
known intensity at the image plane is set by a target hologram field distribution. Oth-
erwise, the basic steps of the Gerchberg-Saxton algorithm remain; a field is propagated
back and forth between image and object plane (in this case by ASM), imposing the
phase of the currently achieved field on the amplitude of the target field at the image
plane after each iteration. Unlike the steps in Figure 6.2, HIO and shrink-wrap steps are
not applied. HIO is the technique of averaging a previous field at the object plane with
a current field, which would clearly be problematic when binary values are required at
the object plane. Shrink-wrapping is unnecessary, as the only restraint at the object
plane on the extent of the ‘object’ is the available region of the DMD illuminated by
top-hat intensity, which will be known from the outset.

The RCSH method more closely follows the example of section 6.4, in that a corrective
perturbation field is calculated at the image plane by comparing a currently achieved
field to an ideal field, and back-propagating to the object plane. The perturbations are
added after each iteration to a complex field at the object plane, and then converted
to a binary mask via RCS. The initial guess for a mask at the object plane is made by
back-propagating the ideal field, and generating a mask via RCS. A key advantage of
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the RCSH method over GSBR is that in GSBR the phase of the field at the image plane
must be allowed to vary — a property fundamental to the Gerchberg-Saxton algorithm
— and so phase control at the image plane is impossible with GSBR.. In RCSH, one may
choose to apply the phase of the current image iteration to the corrective perturbation
as in section 6.4, allowing phase at the image plane to vary in order to achieve an ideal
amplitude distribution, or one may choose to generate the corrective perturbation by
comparing the current complex field at the image plane to a target complex field. In
practice, there is some tradeoff between amplitude and phase reproduction made here,
though the quantitative impact has not been well investigated. Note that thresholding
as in section 6.4 is not applied for RCSH, as no aperturing is assumed to occur here.

The simulated results presented here continue on from the end of section 6.5.1, where it
was shown that the GSBR and RCSH methods produce different field amplitudes at the
image plane. This was a result of the GSBR algorithm generating a binary hologram
based purely on phase, while RCSH allows dependence on the amplitude of an intended
field.

D.1 Peak intensity control

To show the change in recreated amplitude with intended amplitude, the same square of
amplitude 2au was used as a target image. The produced mask and image via RCSH are
shown in Figure D.1; a peak amplitude of around 1.1 is reached, almost corresponding
to the intended doubling of the target field.

y position/DMD pixel widths

100 200 300 400 500 600
x position/DMD pixel widths

(a) Binary hologram after 100 iterations (b) Image at 10cm of final hologram

Figure D.1: Binary hologram and resulting image of a hollow square with intended
amplitude of 2au as simulated with the RCSH algorithm.

This control over the absolute intensity of a recreated image is an advantage of the
RCSH method. The GSBR algorithm, however, achieves the highest possible peak
intensity with a binary hologram approach, as all available DMD pixels which would
reflect light to constructively interfere at the image position are turned on. by taking
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a probabilistic approach to turning on pixels which would constructively interfere, the
RCSH approach would, at maximum intensity, turn on the same pixels as the GSBR
algorithm, in accordance with the random complex summation method described in
section 6.4.

While only the RCSH method controls absolute intensity in an intended image, both
methods are capable of producing near-continuous relative intensities within an image.

This functionality is explored in the next section.

D.2 Greyscale control

The ability to holographically represent continuous intensity distributions with a binary
hologram would allow for the same machining advantages as seen in section 6.3. In
order to test the algorithms’ aptitude for reconstructing multi-level, complex intensity
distributions, a similar test image to the stylised ‘test’ mask from Figure 6.11(a) will
be used — the only difference being all features on the right hand side of the image are
intended to be at 1/ \KQ) of those on the left, with a sharp step change at the midpoint,
as shown in Figure D.2 highlighted by a dashed red line. The factor of 1/ \ﬂ2) in the
intended field is used so that the step change in the intensity distribution would be a
factor of 1/2.

Figure D.2: The intended field amplitude distribution to be used in binary hologram
generation, all points in the right half of the image have value 1/,/(2), while those on
the left have value 1. The dashed red line shows the position of the step change.

The resulting masks and final field distributions are shown in Figure D.3. While both
techniques result in a successful reproduction of the target image with a step change,
the contrast appears more stark in the RCSH image. By taking the mean of absolute
field values at all points within the intended image on left and right sides for both the
RCSH and GSBR results, it was found that the step change seen in the RCSH image
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corresponded to a factor of 0.7089, and the step change in the GSBR image to a factor
of 0.7887. As 1/\/(2) ~ 0.7071, the RCSH produces a step change error of only 0.25%,
while the GSBR gives an error of over 11.5%.

(a) Binary hologram produced by GSBR (b) Absolute field value from GSBR hologram
at 10cm from object plane

(c¢) Binary hologram produced by RCSH (d) Absolute field value from RCSH hologram
at 10cm from object plane

Figure D.3: Binary holograms and resulting images of a greyscale field.

The greyscale control offered by these binary hologram approaches would allow the laser
ablation of ‘2.5D’ structures in the surface of materials, similar to those in section 6.3.
However, the images from these holograms are still confined to a single plane. In order
to machine at multiple depths simultaneously, for instance over a non-flat surface or
throughout the volume of a multi-photon resist, the projection of fully 3D intensity
distributions is desirable. Additionally, digital control of the image plane depth would
mean that the maintenance of focal depth could be removed from the ~micron accurate
translation stages, and instead performed via a combination of interferometric sample
depth measurement and hologram generation. The production of such 3D intensity
control will be shown in the next section.
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D.3 3D field control

Holograms are a natural choice for representing 3D information on a 2D surface, and so
the extension of binary holograms to the production of 3D images is a fairly straight-
forward one. In both algorithms until now, fields have been propagated back and forth
between an object and image plane, with some modifications made at each plane (binary
rounding or random complex summation at the object plane, imposing updated phase
to a set amplitude distribution or calculating a corrective field at the image plane). To
extend to multiple depths, or 3D images, a 3D field distribution is simply broken down
into 2D slices, representing multiple image planes to be used at each iteration of the
algorithm.

Figure D.4 shows the binary holograms and images produced with both methods for
the same intended 3D field distributions. The intended field takes a simple form: two
hollow squares of equal dimensions to those in section 6.5.1, laterally separated such
that the bottom right corner of one is at the top left corner of the other, separated in
depth. The first square is intended to be imaged at 7.5cm from the DMD surface, while
the second is to be imaged at 12.5cm away from the DMD.
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(a) Binary hologram from GSBR (b) Image at 7.5cm from GSBR
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x position/DMD pixel widths

(c¢) Image at 12.5cm from GSBR (d) Binary hologram from RCSH

(e) Image at 7.5cm from RCSH (f) Image at 12.5cm from RCSH

Figure D.4: Binary holograms and resulting images of hollow squares at two depths
separated by 5cm from both methods.

Again, both methods reliably succeed at producing the intended distributions. How-
ever, interference fringes are apparent in the intended flat hollow square regions from
the GSBR hologram in Figures D.4(b) and D.4(c), and ‘bright spots’ of diffracted high
intensity are evident outside the intended flat square regions from the RCSH hologram
in Figures D.4(e) and D.4(f). These bright spots appear in the lateral regions occupied
by the ‘currently out of focus’ square, i.e. at the 12.5cm plane there are bright spots in
the lateral positions of the square which is imaged at 7.5cm, and vice versa. Though
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the diffracted fields from the ‘out of focus’ squares is visible in the GSBR images, they
are distributed such that they are low intensity compared to the currently ‘in focus’
square. Why these particular drawbacks and advantages occur is not yet determined.

The squares at each depth were intended to be of equal intensity; once more measuring
the mean absolute field and standard deviations gives a measure of the success of the
techniques. The mean intensities for the squares at 7.5cm and 12.5cm were, respectively,
for the GSBR method: 3.220 and 3.047, and for the RCSH: 0.5242 and 0.5251. The
normalised standard deviations then were, in the same order, 0.1681, 0.2490, 0.0733 and
0.0478. Both algorithms perform more poorly in these measures than for a single-plane
image, but the RCSH continues to show significantly smaller errors. Figure D.5 shows
the resulting images for a smaller separation in depth, with images intended to form at
9.5cm and 10.5cm.

(a) Image at 9.5cm from GSBR (b) Image at 10.5cm from GSBR

(c¢) Image at 9.5cm from RCSH (d) Image at 10.5cm from RCSH

Figure D.5: Resulting images of hollow squares at two depths separated by lem from
both methods.

The interference effects seen from the GSBR method are exacerbated; though similar
average intensities are achieved, the normalised standard deviations have risen to 0.2356
and 0.2334. The mean intensity from the RCSH remain similar also, however the level
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of normalised standard deviation has remained almost unchanged at 0.0621 and 0.0547.

D.4 Phase control

As stated at the beginning of this section, the RCSH method allows phase control. A
simple demonstration of this is shown in Figure D.6; hollow squares laterally separated
similarly to those in section D.2, but 7/2 out of phase with each other are set as the
target image.

y position/DMD pixel widths

100 200 300 400 500 600
X position/DMD pixel widths

(a) Binary hologram for hollow squares /2 (b) Real part of the field at the image plane
out of phase

(¢) Imaginary part of the field at the image (d) Absolute value of the field at the image
plane plane

Figure D.6: Resulting images of hollow squares 7/2 out of phase with each other at
10cm from the object plane.

The real part of the resultant image in Figure D.6(b) shows a near-uniform amplitude
distribution, and the corresponding imaginary part of the field at this square’s position
in Figure D.6(c) is almost zero. Similarly, a purely imaginary square is clear in Figure
D.6(c), whose corresponding real part in Figure D.6(b) is near zero. This shows that the
technique has successfully controlled the phase across the target image. The absolute
value of the field in Figure D.6(d) shows that the amplitude in both squares is close to
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uniform. By requiring phase control, there is some tradeoff in the amplitude control;
compared to the image in section 6.5.1, there is a greater degree of intensity outside the
intended region.

D.5 Sub-pixel image shifting

Until now, both DMD mask and projected images have been represented on grids of
identical size; this is a natural choice when simulating beam propagation with the ordi-
nary ASM, as FFT algorithms typically return arrays equal to the input size. In section
6.2, the minimum lateral translation of an image with pure DMD control corresponded
to shifting the entire mask by one pixel. Typically any DMD mask used in this thesis for
imaging through an objective lens for micro-machining would be minified to the point
that resolving even single pixels would be impossible under the diffraction limit. For
these reasons, it has not been attempted to produce binary holograms to produce im-
ages of features below single-pixel widths, and beam simulation techniques for sub-pixel
resolution has not been necessary. However, sub-pixel translation capabilities, moving
below the limit seen in section 6.2, would be of great interest.

Consider attempting to produce a binary hologram of a single-pixel wide spot at some
distance from the DMD, an example hologram and output intensity are shown in the
diagram in Figure D.7. A grid of squares is laid out to represent the pixel positions
of the DMD in the (x,y)-plane, with white mirrors representing ‘on’ pixels and black
representing ‘off’. The grid is retained in Figure D.7(b) to show the intensity distribu-
tion’s relative position to the DMD grid. The binary hologram takes the form of simple
concentric rings, and at the image plane a central spot of high intensity forms.

(a) Binary hologram (b) Central small spot of high intensity

Figure D.7: Diagram of binary hologram and intensity at image plane for a focused
spot.
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Now suppose that one wishes to translate the central spot in Figure D.7(b) by a sub-
pixel lateral distance to the left. Each white ‘on’ pixel in the hologram in Figure D.7(a)
makes only a small contribution to the overall intensity distribution at the image plane,
and so switching a single mirror between ‘on’ and ‘off’ states would likely shift the
central lobe of intensity by a sub-pixel amount — a possible choice of a few mirror
switches and resulting output intensity is shown in Figure D.8.

(a) Binary hologram (b) Shifted, warped small spot of high inten-
sity

Figure D.8: Diagram of binary hologram and intensity at image plane for a focused
spot with sub-pixel shift.

The central intensity position has been shifted left, as intended, in Figure D.8(b), by
a sub-pixel amount. However, there was no prior knowledge of how much the chosen
switched pixels would shift the image, and there has been a distortion to the shape
of the intensity output. For binary hologram sub-pixel translations, a direct way of
targeting a particular translation, without additional field distortion, is desirable. The
Fourier Shift Theorem, given in equation 6.7, provides a rapid solution to this problem.
Whereas in section 6.2 whole number solutions for Az and Ay were sought (correspond-
ing to whole number pixel shifts of an image), here fractional Ax and Ay values are
inserted, and applied in Fourier space during ASM propagation steps. This effectively
allows the ASM to output a display window of a propagated field offset in lateral di-
rections by arbitrarily small amounts, while still using input and producing outputs of
the same grid size, which is efficient computationally.

In steps of the RCSH and GSBR methods wherein the current field is compared to
a target field, the output field from the DMD surface is shifted laterally by sub-pixel
amounts such that it aligns with a well-defined pattern on a grid of the same size as
the DMD itself. This is explained in Figure D.9; it is difficult to determine a set of
values on the same size grid that would make an appropriate target image after BH
propagation under ASM for an image which is not defined explicitly at the same lateral
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positions as the DMD, but with a Fourier shift it becomes simple to define appropriate
target images for the BH generation algorithms.

(a) For a focused spot located laterally be- (b) By shifting the output window of the
tween two DMD pixel positions, it is difficult ASM, it becomes simple to define a target im-
to define field values for a target image age for such a spot location

Figure D.9: Diagram of target image versus real image with and without a Fourier
shift step in the ASM.

With this technique applied for both BH generation techniques, holograms designed
to produce images of single-pixel wide spots at a set distance (10cm) from the DMD
surface were generated, with sub-pixel relative shifts between the spot positions. A
straightforward, but computationally expensive, method to simulate whether the holo-
grams recreated spots at the intended locations was to interpolate each binary hologram
to a larger grid, and use the ASM to propagate the field with an appropriately reduced
pixel measurement. For instance, after generating a mask to be displayed on a 1024
by 1024 DMD of 10um wide pixels which would produce a spot shifted by 1/2 a pixel
width, a new array of 2048 by 2048 points would be defined, where each ‘on’ pixel in the
original mask would correspond to a block of 2 by 2 ‘on’ pixels in the new array, and
the pixel width would be reduced to 5um. The central region of interest in the image
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plane is shown for four focused spot images, each intended to be shifted relatively by
1/4 of a DMD pixel, with the RCSH method, in Figure D.10.

(a) First image (b) Shifted by 1/4 DMD pixel

(c) Shifted by 1/4 DMD pixel (d) Shifted by 1/4 DMD pixel

Figure D.10: Images of pixel-wide spots shifted by quarters of a DMD pixel via the
RCSH method.

The method appears to work well. Between each image, the 1 DMD-pixel wide spot
(equal to four pixels in the displayed images, as the holograms were expanded before
ASM propagation) appears to maintain the same shape, while translating 1/4 of a DMD
pixel width between images. The GSBR method produces similar fidelity in Figure D.11.
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(a) First image (b) Shifted by 1/4 DMD pixel

(c) Shifted by 1/4 DMD pixel (d) Shifted by 1/4 DMD pixel

Figure D.11: Images of pixel-wide spots shifted by quarters of a DMD pixel via the
GSBR method.

In order to more accurately measure the centre of intensity, a centre-of-mass style cal-
culation is used. The fields are thresholded above half their maximal values (to remove
aliasing effects at the edges of the arrays), before multiplying the absolute field value
by its x and y position in the output image, summing, and dividing by the total abso-
lute field value. Plots of the deviation from the intended positions of output x and y
positions versus the intended x and y positions for the quarter-pixel shifting are shown
in Figure D.12.
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Figure D.12: The intended relative x and y shifts versus calculated centre of intensity
x and y positions, for both hologram generation methods

In this case, there is almost perfect agreement between intended and calculated centre of
intensity; the RCSH method achieves positional errors on the order of 0.002 DMD pixel
widths, while the GSBR method is even more accurate at an error of below 0.001 DMD
pixel widths. The method cannot be expected to succeed at arbitrarily small relative
shifts, however. A small enough shift may not result in a large enough change in the
phase distribution (or phase and amplitude, for RCSH) at the object plane to switch a
single pixel, at which point the sub-pixel shifting method would reach its ultimate limit.
As a further test, 32 pixel-wide spot holograms were produced with both methods, with
intended 1/32 pixel shifts between each image. In order to reliably measure the centre of
intensity position in this case, expanding up the 1024 by 1024 grid by 32 times for ASM
propagation required more memory than available on the used computer system, and so
a smaller array of 128 by 128 pixels was used to produce the hologram. In-keeping with
only the central region of the DMD being illuminated (320 pixel radius when using the
1024 by 1024 grid), only pixels from within a central radius of 30 pixels in the hologram
were allowed to contribute. The resulting centre of intensity plots are shown in Figure
D.13; plotted on separate accuracies, to reflect the two methods’ different magnitude of
accuracy in this test.
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(a) RCSH x accuracy (b) RCSH y accuracy

(¢) GSBR x accuracy (d) GSBR y accuracy

Figure D.13: The intended relative x and y positions versus calculated deviation from
these positions of central intensity for 1/32 DMD pixel width shifts between successive
images.

The GSBR results in Figures D.14(c) and D.14(d) still show reasonable agreement
between calculated and intended positions, at below 0.1 DMD pixel width error. This
means that the error exceeds the intended relative shift, however, and so the technique
at the current parameters has reached its limit. The RCSH results are little better
than random for 1/32 shifts, with errors on the order of a DMD pixel width. It must
be noted though, that these results were achieved with only a circular region of radius
30 pixels available on the DMD. While not as rigorous as expanding the arrays for
ASM propagation, a similar centre of intensity calculation can be made from images
whose scales are identical to the input images; i.e. a binary hologram made with 1024
by 1024 DMD pixels propagated to an image plane on a 1024 by 1024 array. Now
that the method is proven to produce sub-pixel shifts in images, and retain the shape
distribution of the field, the centre of intensity calculation method is used to show the
intended versus calculated image position for 1/32 DMD pixel width shifts when the 320
pixel radius region on a 1024 by 1024 array is once more made available. The resulting
plots are shown in Figure D.14.
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(a) RCSH x accuracy (b) RCSH y accuracy

(¢) GSBR x accuracy (d) GSBR y accuracy

Figure D.14: The intended relative x and y versus calculated centre of intensity x and
y positions for 1/32 DMD pixel width shifts between successive images, when a 320 pixel
radius region of the DMD is available for hologram display.

Both methods now show agreement between calculated and intended positions, albeit
with an apparent stepped structure in all plots. It is undetermined whether this step
structure is an artefact of the coarse pixellation necessary when not expanding the array
size before ASM propagation, or a genuine result under the stated conditions. However
the latter seems unlikely, as making more pixels available to represent a complex field
should not make the result less accurate, which would be the case when comparing
GSBR results in Figures D.13 and D.14.

Though the sub-pixel shifting has been demonstrated here with a small spot, this was
for ease of demonstrating the relative shifts between images; it would not be computa-
tionally or optically more difficult to generate sub-pixel relative shifts for more complex
images. An extension to this technique would be to make sub-pixel shifts of only certain
parts within a 3D image, for instance to project two hollow squares separated laterally
by only half a DMD pixel width. In section 6.2, it was shown that a single DMD pixel
corresponded to 100nm at the sample when projecting through the 100x objective on
the DLP3000 line. If the 1/32 image shifts shown here were successfully applied, this
would mean image translations of only 3nm would be achievable.
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