University of

Strathclyde

Glasgow




Micro-LED direct writing and structured illumination

in automated photolithography
PhD Thesis

Alex Blanchard

Structured Light Research Group
Department of Physics, Institute of Photonics
SUPA, University of Strathclyde, Glasgow

February 11, 2026



This thesis is the result of the author’s original research. It has been
composed by the author and has not been previously submitted for

examination which has led to the award of a degree.

The copyright of this thesis belongs to the author under the terms of the
United Kingdom Copyright Acts as qualified by University of Strathclyde
Regulation 3.50. Due acknowledgement must always be made of the use of

any material contained in, or derived from, this thesis.

Signed: A.BLANCHARD
Date: 04-02-2026



Dedicated to the memory of Andrew John Blanchard
1956 - 2023

ii



Top: Two photo-cured structures, where hyperspectral positioning was used with
indicated markers as a starting point for photo-curing.

Bottom: The thinnest structures cured using a 40 ym deep ultraviolet LED.
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Abstract

Monolithic micro-Light Emitting Diode (u-LED) arrays comprising of pixels on the
micro-scale is a rapidly developing technology of interest to researchers through their
high efficiency and modulation rate. Coupling with complementary metal-oxide semi-
conductor (CMOS) electronics allows these devices to provide structured illumination
via spatio-temporal control. The CMOS drivers control the optical emission pattern
of the u-LED arrays, resulting in a direct writing tool with photo-curing p-LEDs. Di-
rect writing is an alternative approach to the quartz masks that are commonly used in
photolithography.

This thesis describes the use of these CMOS controlled p-LED arrays for mask-less
micro-photolithography, using hyperspectral imaging to look simultaneously at multiple
markers. This can be done through numerous methods, but it was decided to focus on
spectral analysis of the fluorescent markers during the photolithography process, with
system instructions tied to the peak fluorescent wavelength. This thesis also reports
deep ultraviolet photo-curing with p-LEDs, with structures down to 7 yum in size, albeit
without CMOS control.

These demonstrations were possible through the development of an experimental di-
rect writing setup. The setup involved confocal combination of two pu-LED sources and
one detection arm. Identification and positioning of fluorescent markers was enabled by
active illumination with the pu-LEDs and bespoke post-processing of the time-sequence
detected signal. These efforts culminated in the demonstration of writing structures
individually aligned with different fluorescent markers on the same substrate, where the
markers were all red-emitting and could only be distinguished by resolving their emis-

sion spectra. The system that was developed is shown to be capable of curing highly



uniform structures with controllable width via direct writing. This is possible thanks
to a motorised XYZ stage, controllable alongside the u-LED array. This technology

offers prospects for a range of applications.
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Chapter 1

Introduction

This thesis focuses on the usage of micro-pixelated light-emitting diode (micro-LED, or
u-LED) arrays with electronic control as part of an automated, mask-less photolithog-
raphy system. This chapter serves as an introduction to LEDs, focussing on Gallium
Nitride (GaN) p-LED arrays. The chapter starts with the motivation behind this work,
and the historical development of LEDs. Then some theory and physics behind u-LED
devices are explained, and characteristics are presented that need to be determined for
the pu-LED devices to operate at peak performance. The subsequent sections detail
lithography, photolithography, and the concepts behind the automation in the system:
structured illumination, single pixel imaging, and fluorescent markers.

The rest of the thesis is as follows. Chapter 2 explains the p-LED based direct
writing system, characterises it, and shows the results of photolithography with the
system. Chapter 3 then explores Deep UltraViolet (DUV) photolithography with the
system, using DUV p-LEDs. This includes a brief size-dependent study showing how
different sized DUV p-LEDs affect the structures cured by the system. Chapter 4 then
adds intelligence into the direct writing system by utilising Hyperspectral Single Pixel
Imaging (HSPI) to differentiate between similarly coloured fluorescent markers used
for positioning. This is done by looking at how the brightness of the markers changes
with a changing p-LED array pattern, with each coordinate position assigned a unique
fingerprint pattern. Finally, Chapter 5 summarises the key findings of this thesis and

outlines further work with the system.



Chapter 1. Introduction

1.1 Motivation

A motivator for structured illumination in the context of photolithography is to add
intelligence to photolithography through closed loop process control. This is where a
system will automatically detect process parameters, and use the results as an input
into itself [1]. It is possible to use this approach for positioning [2], where the position
of a marker can be found and then used as a signpost through further processing.

Currently, mask-less photolithography is more suited to low volume production
and prototyping than mass production that is prevalent in semiconductor processing.
Mask-less photolithography removes the requirement for the fixed-format hard masks,
and is used in areas such as device prototyping. This technique has compatibility with
numerous types of wafers or device structures, resulting in bespoke processes for each
project and wafer. A traditional masked lithography system can be cumbersome, as a
mask for each design needs to be manufactured and stored, with financial and storage
concerns. Mask-less photolithography offers an attractive alternative for prototyping
where patterns can either be embedded within the curing system, or given as instruc-
tions to a direct writing system, where the spatial modulation is in the light source
itself. u-LEDs can be used for direct writing photolithography [3] [4]; they have a low
size, weight, and power plus cost (SWaP-c), are easily controlled by electronics, and
are easy to maintain.

Structured illumination and compressive sensing can be used for low light level
imaging [5], or to correct for image distortions. This capability is useful for delicate
samples, such as in the life sciences, or organic chemistry in structured illumination

microscopy.

1.2 History of LEDs

The light-emitting diode was discovered by accident by Henry Joseph Round [6]; by
applying 10 Volts across a crystal of Silicon Carbide (or carborundum as it was known),
a yellow light could be seen. This was electroluminescence and was described in more

detail by Olec Lossev in the 1920s, who characterised his device further and showed
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how the current through the device changed with applied voltage, signifying its diode
nature [7].

Thirty years later, Roosbrock et al. explained the electroluminescence previously
discovered as the result of electrons and holes recombining [8], and this physical process
was soon after commercially exploited. The 1960s brought the first commercial LED,
with Monsanto making red-emitting Gallium-Arsenide-Phosphide (GaAsP) LEDs in
1968, which were used for displays, and then in traffic lights.

Rapid innovation in the area of blue LEDs began in the 1990s by Shuji Naka-
mura, Hiroshi Amano and Isamu Akasaki, whose work earned them the Nobel Prize for
Physics in 2014 [9]. By using Aluminium-Indium-Gallium-Nitride (AllnGaN) semicon-
ductor alloy technology, blue LEDs were made at a much higher efficiency than previous
indirect bandgap blue LEDs, allowing for the full visible spectrum to be spanned by
LED technology. By covering a blue LED with a suitable rare earth phosphor to output
a yellowish hue, LEDs were demonstrated to output white light as seen to the human
eye, making such devices suitable for many lighting applications, thus ushering in the
era of solid-state lighting. Today, LEDs have widespread applications such as street
lights, headlights in cars, with indoor lighting and even for use in televisions. White
light sources based on LEDs are far more efficient and robust than incandescent and

fluorescent bulbs.

1.3 Research overview in Maskless Photolithography

This section will discuss prior research in maskless photolithography, with sections
dedicated to direct writing using lasers and LEDs. Direct writing with a laser re-
quires some form of external spatial modulation, most commonly a Digital Multimirror
Display (DMD). However, [10] reports using a mercury lamp with a DMD chip to fa-
cilitate maskless photolithography, and feature sizes of approximately 50 pm with a

20 pm resolution. Mercury lamps are commonly used in masked photolithography.
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1.3.1 Direct Writing
Lasers

Lasers are a direct competitor to u-LED arrays as an illumination source for maskless
lithography, but as previously stated, require some sort of spatial modulation. [11]
reports using a UV laser for direct writing; a third harmonic Nd:YAG laser at 355 nm
is focussed onto a sample with a thin film of Indium Tin Oxide. This is an early attempt
at using lasers to create circuits on Indium Tin Oxide glasses as a dry etch technique,
which do not require other chemicals. The spatial modulation in this paper comes from
a linear motor stage that moves the film to create the patterns in the film.

In [12], a GaN-based diode laser at 375 nm was used to photo-cure a photo-resist
based on 1,4-cyclohexyldimethanol divinyl, while a translation stage was used as the
spatial modulation. From this system, a Lissajous structure was written into the photo-
resist, showing that curves are indeed possible using translational stages. Being used
as part of a wet etch technique, [12] is much closer to the experiments performed in
this thesis.

However, it is not solely needed for the stage to move for laser direct writing. [13]
reports using a galvanometer based optical scanner for the spatial modulation with a
laser at 355 nm. This paper proves it is possible to create microstructures down to
500 pm, which were used as part of a flexible piezoresistive sensor. By changing the
speed of the laser across the sample, the ability to create different shapes of structures

was reported.

LEDs

Direct writing can be performed with LEDs of varying sizes, alongside laser-based
systems. [14] reports use of a 5 mm wide UV LED coupled into a 3 mm pinhole
which was again coupled into a microscope setup. A stage attached to a moving piston
provides the spatial modulation. Structures in the shape of dots, lines, and crosses

were reported using this system.
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[15] was used as the inspiration behind this work, and reports using a p-LED ar-
ray for the purposes of photolithography; more specifically, a CMOS (Complimentary
Metal-Oxide Semiconductor) controlled u-LED array. The main differences between
this work and the work presented in this Chapter 2 are from the difference in the peak
wavelength of the exposing LEDs (370 nm instead of 405 nm reported in this thesis),
and the fact that this system uses a microscope objective to couple the p-LED illumina-
tion into the system. This objective lens would have a far smaller Numerical Aperture
than the coupling lenses that were used in this thesis; as a result, far fewer pu-LEDs
can be coupled into this system compared to the system that is presented in Chapter
2. As a result, the positioning work would not be possible using the system presented
in [15]. This work utilises two different types of spatial modulation: firstly, a linear
stage is used to expose the linear structured reported in this paper. However, multiple
pixels, or LED devices, can be turned on simultaneously to expose and cure multiple
structures, showcasing a different type of spatial modulation.

[16] presents an improvement on [15] by using LEDs with a smaller active region, 14
and 24 pm in diameter compared to 72um in [15]. A demagnification of 10:1 was used
to make structures 500 nm in width. Once again, a moving stage or simultaneous device
illumination can be used in order to provide the spatial modulation in this system. A
maximal exposure dosage of 3.75 Wem ™2 at 370 nm was reported in this system.

[17] showcases that much like for a laser or mercury lamp, it is possible to use an
LED with a DMD to supply the spatial modulation. In [17], an LED operating at
405 nm is coupled into a DMD array, and then a microlens array, utilising pinholes
in order to focus the light onto the samples that are being exposed. As pinholes are
being imaged onto the sample, this means that the structures made are far smaller than
what is possible in the system presented in Chapter 2, but would have a much lower fill
factor, defined as the ratio of the area of focussed light compared to the full illumination
system. This system has a spot size of 4.4 um, and distance between adjacent spots
of 110 pum, compared to a spot size of 20 um, and distance between adjacent spots of

33 pm.
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[18] indicates the state of the art in the Institute of Photonics when the work
presented in this thesis started. In [18], a single u-LED array is coupled into an aspheric
lens and then demagnified before being coupled into an objective lens. As before,
there are two potential avenues for spatial modulation: from the motorised stage, and
illuminating numerous array pixels simultaneously. It can be seen that when multiple
adjacent u-LEDs are used for exposure that the structure made can lose the resolution
of individual spots. This could be potentially due to over-curing, as the array used does
seem to have higher power output pixels around the edges of the LED array used. Note
this paper does not showcase any of the positioning work undertaken in this thesis, and

uses only one p-LED array.

1.4 LED Theory

1.4.1 The p-n junction

LED operation is based on the recombination of carriers (electrons and holes) in what
is known as a p-n junction. This is formed by growing two consecutive doped layers
of semiconductor, one of each type, creating a band diagram as shown in Figure 1.1.
In Figure 1.1, Ecp and Ecn refer to the energy level of the conduction band in the p-
and n- doped material, Evp and Evn refer to the energy level of the valence band for
the p- and n- doped material, Efp and Efn refer to the Fermi levels of the p- and n-
doped material, Eg is the energy gap between the two bands, and eV p is the depletion
energy, defined further below.

Between the two types of material lie the depletion region, which is where re-
combination occurs; here, a potential difference is created between the two areas of
semiconductor, Vp, known as the depletion voltage, opposing the flow of carriers. This
means that there is an associated barrier energy eVp that the carriers must overcome
for them to flow across the barrier. The size of this depletion region is dependent on the
concentration of the dopants. By applying a forward bias on this junction, the potential
energy barrier is decreased, allowing the carriers to recombine. This happens because

the Fermi level in the p-doped side is higher than the n-doped side, allowing electrons
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to freely and easily move across the junction to recombine with the holes. Applying the
biases showcases the diode nature of the device, as the energy levels will also move with
a negative bias applied, but instead in the opposite direction; this widens the energy

barrier, ensuring that very little current will flow across the device.

Eep 7'y 7y

Eg eV

Ef
p Ecn Efn

Energy

Evp

Distance perpendicular to junction Evn

Figure 1.1: Schematic showing a p-n junction.

By physically confining the carriers in the material, the carrier concentration can
be increased [19]. In modern LEDs, this is done by use of Multiple Quantum Wells
(MQWsSs), which are placed between the p and n type material, and made of a different
material, with a smaller bandgap. As a result, there is a potential difference at the
interfaces between the two materials, trapping the carriers in the well. By making
these wells very thin, on the order of 10 nm, their width becomes on the same order as
the de Broglie wavelength of the electrons in the material. This allows the system to
function as a potential well with discrete energy levels, and by carefully choosing the
gap between the energy levels, specific wavelengths of light can be emitted.

Further confinement of the carriers, typical in nitride device structures, is done by
adding an Electron Blocking Layer (EBL), between the MQWs and the p-type material,

which has a higher conduction band level than the p-type material. This again makes
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an energy barrier, and reduces electron leakage directly to the p-contact, where non-

radiative recombination occurs.

1.4.2 LED Format

p-contact Sio,

n-contact

Al,Ga, N barrier
(typically 7-10nm)

In,Ga, N quantum well
(typically 3nm)

Figure 1.2: Diagram showing the cross-sectional schematic of an LED. There would
often be more MQWs than labelled here, about 10.

A cross-sectional schematic of an LED is shown in Figure 1.2. This shows an
individual LED, which for a u-LED would be less than 100 gm in diameter. In the case
of an array, there would be a common cathode (n-contact) between all the u-LEDs and
individual anodes (p-contact) for each LED. The LEDs used in this thesis are made
by a process known as flip-chip bonding, which attaches the GaN epi-layer structure
to a heat sink. This improves the thermal dissipation of the LED and thus its light-
extraction efficiency. Flip-chip bonding requires the anode material to be reflective, to
allow light to leave through the sapphire substrate, which is optically transparent at
visible wavelengths.

The experimental work in this thesis was achieved through the use of custom Si-
CMOS (Complimentary Metal-Oxide Semiconductor) electronic drivers. The dimen-
sions of the drivers are the same as the array, such that each device has its own driver
with a bond pad of 50 x50 um?, with a 100 pm pitch. The drivers have their own
individual logic circuitry, allowing the device to be operated in a pulsed mode, down
to 300 ps.

A example circuit diagram of a CMOS p-LED driver is shown in Figure 1.3, from
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[20]. The two separate ground levels are necessary to drive the p-LEDs above the
nominal 3.3 V that is used for driving the logic circuit, by changing the ground level of

the u-LED to have a negative bias.

LED_ VDD
<+ CAMOS+LED enrrent

input e micro-LED

A

GND

:f = CMOS current

= LED current
LED _ GND

CMOS driver
I . I\
021 I/\

Figure 1.3: Circuit diagram for the pu-LED driver circuitry. From [20].

1.5 LED Characterisations

Before any p~-LED device is used in scientific or instrumentation applications, it must

first be characterised to determine its electrical and optical properties.

1.5.1 Electrical Properties

The electrical properties of an LED that are of primary interest are the current draw
and voltage drop. Figure 1.4 shows representative curves showing the drawn current
from an applied voltage (IV). The IV curve shows typical diode characteristics with the
current draw in two regimes: the exponential part, where the diode resistance is more
than the load resistance, and the linear part, where the diode resistance has reduced
from higher voltage being applied and so the diode behaves as according to Ohm’s Law.
The point where this changes is called the ‘turn on’ voltage, found from finding the
gradient of the linear section of Figure 1.4 and finding the x-intercept value[21]. To aid
in finding this x-intercept, the dotted diagonal line continues the gradient of the linear

portion of Figure 1.4, and the intercept itself of approximately 3.8 V is noted by the
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Figure 1.4: Graph showing how the current draw through a representative nitride LED
changes with applied voltage. Note the non-zero x-axis origin.

solid line, which indicates the change from diodic to ohmic behaviour.

For an efficient and optimised LED, this should be close to the bandgap energy of
the semiconductor in the LED, approximately 3-5 V for a nitride device. In Figure 1.4,
end’ is short for ground, and the dotted line indicates the turn-on voltage, where the
IV behaviour changes from exponential to linear. This particular y-LED had a peak

wavelength emission at 505 nm, and was part of a 40x10 array.

1.5.2 Optical Properties

Figure 1.5 shows a representative graph of the associated light output from a given
current flow through an LED. This LI curve shows a linear increase in light output
with current until thermal effects start to degrade the performance of the device. The
compromise between device lifetime and output power requires the current used to be
approximately two thirds on the linear section of the curve, as over driving the LEDs

can lead to device damage [22].
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Figure 1.5: Graph showing how the output power of the same 505 nm u-LED pixel
used in Figure 1.4 changes with applied current.

The emission spectrum is an important optical property of an LED, with an example
spectrum of a blue InGaN device shown in Figure 1.6 a). The peak LED wavelength
(on this example, at 450 nm) is important to ensure proper use, and in Figure 1.6 is
the output of the quantum wells. There is also a ’yellow band’ emission, as shown in
Figure 1.6 b), which is due to defects in the active layer material [23], [24]. As this
thesis uses the phenomenon of fluorescence for positioning, particularly in Chapter 4,
it is important to be aware of the yellow band emission when analysing the spectral
data. The spectral width of the main emission peak has many sources. One of them
is due to the energy levels being broadened by the carriers’ thermal energy and follows
the Boltzmann distribution. The peak of such a distribution is F, + %, where E,
is the energy gap of the material, k£ the Boltzmann constant, and T the temperature
and the Full Width Half Maximum (FWHM) of 1.8 kT". Other sources for an LED’s
the spectral broadening are strain in the active material, fluctuations in quantum well

width, and changes in the semiconductor composition [25, 26].
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Showing the spectrum of the blue LED
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Figure 1.6: Blue LED emission spectra. a) shows the full spectrum of a blue LED,
and b) shows the ’yellow band’ emission from the same LED as used in part a). The

y-axis values of part b) are scaled in relation to the peak value in part a), to show their
relative heights.

The linewidth of a blue p-LED is approximately 0.15 eV.
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1.5.3 Efficiency

There are three main efficiency values for LEDs: the External Quantum Efficiency
(EQE), the Internal Quantum Efficiency (IQE), and the Wall Plug Efficiency (WPE).
The EQE is defined as the ratio of the number of photons emitted to the number of
electrons passed over the p-n junction; it is related to the WPE, which is the ratio of the
output light power to the input electrical power across the device (voltage x current).
The IQE is the proportion of electron-hole recombination events that are radiative, and
is therefore embedded in the EQE. The EQE is more commonly cited, as it includes
the IQE via the light extraction efficiency, or the proportion of photons that exit the
device. Figure 1.7 shows a representative EQE curve as a function of current, using the
same 505 nm u-LED pixel as used in Figures 1.4 and 1.5. As the current increases, the
EQE increases at first and then decreases after a peak point. There are many theories
detailing why this might be the case, where the leading ones include the change in the
non-radiative recombination of carriers in the material [27], or an increase in parasitic

current [28], thus reducing the IQE and therefore the EQE.

1.5.4 Pixel Geometry

The main advantage u-LED arrays have over broad-area devices is their smaller pixel
size when compared to conventional LEDs. p-LEDs have an active region of less than
100 pm? [29], which gives distinctive physical properties largely originating from the
high current density the devices can sustain [30]. Their small size lead to two advan-
tages over larger conventional LEDs: a lower capacitance, leading to fast switching
speed, and a small spot size, leading to high illumination intensity. Combining these
advantages together, GaN p-LED arrays are particularly suitable for electronic visual
display purposes due to their brightness and efficiency, allowing a high density of pixels
and high frame rates, with applications in augmented reality headsets [31].

In the pu-LED arrays used in this work, there were two types of pixel geometry used:

square pixels, which are 98 x98 um? across, with a pixel pitch (the distance between

14



Chapter 1. Introduction

=]
[=3]
==

=]

=]
Fed
&

D 50 100 150 700
Applied Current (ma)

Figure 1.7: Graph showing the EQE as a function of current, for the same 505 nm
w-LED device used in Figures 1.4 and 1.5.

the centres of two adjacent pixels) of 100 pum, and circular pixels 72 ym in diameter,
again with a 100 pum pixel pitch. A micrograph of the square pixel pu-LED array is
shown in Figure 1.8, and circular in Figure 1.9. The fill factor of an array is the ratio
of the active area of the pixels in the array divided by the overall area of the array. In
the square pixel array shown in Figure 1.8, the fill factor is very high, at 98 %. The
circular array has a fill factor of 41 %.

The p-LED arrays used in this thesis are active-matrix; that is to say, that there
is a switch device actively maintaining the pixel state for each pixel in the array. By
addressing the switch, it is theoretically possible to drive an array with 3 connections:
a data connection and two power connections for the array.

In comparison, passive arrays have a signal for the row where all the pixels in the
row are switched on, with each column having its own individual signal, meaning that
the pixels maintain their state passively, without active driving circuitry. This requires
m + n connectors to address the entire array, where m and n are the dimensions of the
array. Active matrix arrays are in use throughout this thesis as passive arrays cannot

display arbitrary patterns in continuous wave output, such as the Hadamard pattern
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FERED

Figure 1.8: Micrograph of a u-LED Array. The 99x99 um? square pixels are immedi-
ately visible in the array.

Figure 1.9: Micrograph of a u-LED Array illuminating a pattern [15]. Here, the circular
pixels are 72 pm in diameter.

that will be explained in Section 1.11.5.

1.5.5 Frequency response

The maximum operating modulation frequency of an LED is defined by its modulation
bandwidth, the frequency where the the amplitude of the LED output has halved

compared to low frequencies. This is dependent on the capacitance and carrier lifetime
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of the diode. u-LEDs demonstrate higher bandwidth than conventional conventional
LEDs, on the order of gigahertz, due to their small size reducing capacitive effects and

shorter carrier lifetimes [21].

1.6 Fluorescent markers

A key topic throughout this thesis is the alignment of micro-fabrication tools to fluo-
rescent markers. Fluorescence is the absorption and subsequent emission of light at a
longer wavelength than the absorbed light. It is important to note that fluorescence is
not always the same colour as the object appears, for example, green chlorophyll fluo-
resces in a red colour. Fluorescence is often excited with UltraViolet (UV) light, but
the use of UV sensitive photo-resists make UV light unsuitable for this work. For this
reason, fluorophores that do not require UV light to fluoresce are used. This section
will focus on the marker types that were used in this work: quantum dot clusters and

polyethylene microspheres.

1.6.1 Quantum dot clusters

Quantum Dots (QDs) are nanocrystals of semiconductor material, often less than 10 nm
in size, consisting of a few thousand atoms. Due to their size, they can be thought of
as a three-dimensional quantum well (hence ’quantum dot’), confining carriers in each
crystal spatial dimension. This means they have quantised energy levels, based on the
size of the dots. The dots absorb energy when the light incident upon them has a
larger photon energy than the band gap between the valence and conduction bands.
The emitted wavelength is strongly dependent on the size of the quantum dots. The
quantum dots used throughout this thesis are in fact clusters of quantum dots, so as
to be visible on the micro scale. These QD clusters have a ZnS outer shell with a inner
core of CdSe, suspended in deionised water; the shell improves the quantum efficiency
of the dots by removing the surface defects [32].

An example emission spectrum of QD clusters is shown in Figure 1.10. This is a

Gaussian with a peak at 580 nm, the width of which is determined by the size distri-
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Representative quantum dot cluster fluorescence spectrum
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Figure 1.10: Example of a quantum dot cluster emission spectrum.

bution of the QD clusters of 20 ym. The wide emission range makes them suitable for
use in many applications, such as colour converters in LEDs [33], markers in biological

samples and cryptogra .
ples [34], [35], and cryptography [36],[37]

1.6.2 Fluorescent dyed polyethylene beads

Another type of marker that is used in this thesis is polyethylene beads, dyed with
a fluorescent dye. These beads are used in biomedical research, often with magnetic
separation to determine the concentration of other chemicals [38], or visualisation and
analysis of fluid flow [39], [40].

The bead emission spectrum is shown in Figure 1.11 when excited with 450 nm
illumination, as shown in Figure 1.12 where a bead is being excited in a microscope

setup. The dye used is a trade secret, and the beads themselves are 10-22 pym in size.
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Normalised micro-bead excitation spectra
T T T

-

et

©
T
1

e

o
T
L

e

bt
T
1

06 b

05 =

0.4 3

Fluorescence Intensity (AU)

ke 4
] w
T T
1 1

=]
-

T
|

500 550 600 650 700 750 800
Wavelength (nm)

Figure 1.11: Graph showing the spectral response curves emission of the fluorescent
dyed micro-beads used throughout this thesis. Light at 450 nm was used to excite the
micro-bead [41].
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Figure 1.12: An excited fluorescent micro-bead. The bead is being illuminated with
450 nm LED light.
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1.7 Photolithography

Micro-patterning is the method of transferring a pattern onto a substrate, commonly
done during the micro fabrication of semiconductor devices. It has applications in
areas including integrated circuits and photonic circuits [42, 43], LEDs [44], [45], and
organic electronics [46], [47]. One of the most common methods of micro-patterning is
called photolithography, or optical lithography. This section will give an overview of

photolithography as an example of micro-patterning and its history.

1.7.1 History

Photolithography as it is currently known was invented by Alphonse Poitevin in 1855
[48], making a lithographic printing plate using potassium bichromate and albumin,
where the ink only adhered to the parts of the plate which had been exposed to the light.
Over time, to help facilitate the cylindrical rotary presses of the time, the plates were
changed from limestone to metal plates, where Poitevin’s technique was used. In the
1950s, American military researchers took inspiration from photosensitive liquids used
to protect aircraft wings and used them to protect semiconductor material, reducing
the size of electronic circuits in the process [49]. This was the first time the term
photolithography was applied to electronics circuits and it has grown since then to the

widespread masked version used today.

1.7.2 Photo-curing theory

Photolithography works by coating a substrate with a layer of light sensitive mate-
rial called a photoresist, and then selectively exposing the sample with a known light
pattern. The photo-resist is chemically altered when exposed to light of a suitable wave-
length, either by decomposing into a soluble chemical for a so-called positive photo-
resist, or solidifying into a solid structure for a so-called negative one. Normally, a
positive photoresist is used, so that less exposure is required. The maximum achiev-
able resolution with optical sources is given by the diffraction limit via the Rayleigh

Criterion. In equation form this is:
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A

d= SNA (1.1)
where d is the diffraction limited spot size, A the wavelength of the light used
and N A the numerical aperture of the focussing optics. In practice, the latter is the
most used method to change the smallest possible spot size. A large change in the
wavelength of the emitted light is required for an appreciable change in the beam spot
size, requiring there to be a change in the optics as well; therefore, changing the optics

by themselves is more practical.

From Equation 1.1, a reasonable assumption would be to use the shortest possible
wavelength for photolithography. Extreme UltraViolet (EUV) uses light with a wave-
length of 13.5 nm [50] for features under 100 nm. This wavelength of light does not
propagate through air [51], and so this lithography technique is done in vacuum. EUV
can make the smallest size features from a photolithography technique, but due to the
requirement for a vacuum, and expensive high-NA optics [51], the cost of large scale
EUYV lithography for chips and wafers is high. Typical laboratory photolithography
therefore uses mercury lamp spectral lines, including i-line (365 nm), h-line (405 nm),

and g-line (436 nm).

Photoacid Generation

Photo-resists contain chemicals called photoacid generators, molecules that release hy-
drogen ions on absorbing UV light, thus becoming more acidic. An example of a pho-
toacid generator is shown in Figure 1.13. Here, the UV light breaks the chemical bond
between the Phosphorus Fluoride ion and the rest of the generator[52], a process known
as photolysis. This creates an acidic ion, used as a catalyst for photopolymerization of
monomers in the photoresist into a polymer [52].

The acidic ion transfers to a monomer in the photo-resist, thus becoming charged.
The charged monomer is then attracted to the double-bond in another monomer molecule
due to the relative high electron concentration in the double bond and reacts to it, form-
ing a positively charged two unit length polymer. This process continues to form the

polymer as many units in a link. During growth, polymer chains can be chemically
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linked to each other. This results in a crosslinked polymer, also known as a polymer
network. [53]. Photolithography allows fine spatial control of this polymer network.
The number of crosslinks in the polymer network, known as the crosslinking density, is
dependent on the excitation dosage on the sample. The crosslinking density also deter-
mines the solubility of the polymer in a solvent, called the developer. This developer is
chosen so that it will dissolve either the polymer or monomer, but not both. In order
for the photoacids to be made, the photo-resist must absorb the illumination used, so
matching the absorption spectrum of the photo-resist to the emission spectrum of the
curing illumination is vital. Common photoresists include Microposit 1805, a positive
photoresist and SU-8, a negative one. Both of these photoresists have a very high
absorption at deep ultraviolet wavelengths below 300 nm, reducing as the wavelength

increases. Figure 1.14 shows this behaviour with 10 pgm films of SU-8.
sael

Figure 1.13: Chemical composition of a photoacid generator.
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Figure 1.14: Absorption spectrum for SU-8 photo-resist.
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In this thesis, photolithography will be done with photo-resist films with a thickness
on the order of a few microns. The films were made by spin coating, where drops
of photo-resist are placed on a clean, dry substrate to be cured and spun at several
thousand revolutions per minute (rpm). This ejects the top layer of resist from the
sample, while the bottom layers of resist move radially from the drop site towards the
sample edge. If the photo-resist is viscous, this can result in a ridge or bump in resist
at the sample edge. After the film has been made and cured, it is developed to reveal
the pattern within the photoresist, and the sample is then often baked to improve the

durability of the cured structure. The sample can then be used for further processing.

1.8 Patterning Methods

There are many ways to pattern photoresist onto a sample, and an overview is given

in this section.

1.8.1 Multi-step processes
Mask Aligners

Traditionally, photolithography is done with UV lamps, which are large, inefficient
and rely on toxic materials, both in the lamp and the photo-resist. The patterns are
traditionally made by shining the light through a stencil known as a mask, which
is near to or in contact with the sample. The masks are made of glass covered in
either Cr or Fe;O3 and depending on the type of photo-resist used, will either have
the negative pattern or positive pattern on them. It is important to note that once
the masks are made, they cannot be changed, and a different mask is required for each
photolithographic step, meaning that there are typically many masks for one device [54].
As a result, it can be expensive to design, make, and store all the masks required for
a device, especially with numerous circuit designs being made. Therefore, alternatives
for mask aligners are being sought for low volume production, such as in customisation

and prototyping.
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Figure 1.16 shows a camera image of a mask aligner as used in the clean room
in the Institute of Photonics. The yellow lighting is required to not unnecessarily
expose photo-resist or other photosensitive chemicals that might be used in the clean
room. The mask and sample are in the black drawer in the centre of the image, with
micrometre screws for fine adjustment of the position. There is a microscope objective
lens and eyepiece for looking at the sample. Figure 1.15 shows the schematic of a mask
aligner as shown in Figure 1.16. Figure 1.17 shows a sample that has undergone the

masked photolithography process; the small black dots are microscopic dents in the

substrate.
Collimating
system UW Lamp
Mi vy
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Focusing
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Figure 1.15: Simplified schematic of a mask aligner.
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Figure 1.16: Photograph of a mask aligner in the Institute of Photonics cleanroom.
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Figure 1.17: Showing a sample photocured with the mask aligner in Figure 1.16. The
black dots in the image are microscopic dents in the substrate.

u-LED Direct writing

This thesis concentrates on pu-LED direct writing; that is, shining light directly on the
photo-resist film in narrowly focussed beams to cure the photo-resist. Commercially
available direct writing photolithography is most commonly done with lasers, but u-
LEDs are a capable and attractive alternative, with qualities such as being smaller [18]
and more energy efficient [30]. In direct writing, patterns are made by moving the
sample, and/or by patterned exposure from an array of sources.

The size of these cured areas depends on the Field of View (FoV) of the u-LED
array, or the size of the projected u-LED spots on the sample. Therefore, having a
large fill factor is important; with a small fill factor, there will likely be large gaps
between p-LED spots, meaning that there will not be uniform curing, which results in
holes in the cured structures, which would be unsuitable for devices. Each individual
u-LED’s performance affects the curing, and for this reason, having a uniform power
output across a u-LED array is important for curing uniformity when using an array of
pixels. Figure 1.18 shows a schematic of an p-LED based direct writing system. The

single curing p-LED is collimated by the lens, and the light then goes into a microscope
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objective and is focussed onto the sample. The projected size of the curing u-LED can
be reduced by using two lenses to demagnify the curing light. The XYZ stage is required
to move the sample to make lines and shapes in the photo-resist. See Chapter 2 for

more detail.

M

LED
LENS

Sample
XYZ Stage

Figure 1.18: Schematic of a u-LED-based writing system. The pu-LED at the appropri-
ate curing wavelength is imaged through the collimation lens, which is then reflected
off the mirror and then through the objective lens onto the sample. The mirror is used
to ensure that any light that misses the collimation lens does not accidentally cure the
photo-resist.

1.8.2 Other lithography techniques

While photolithography is a common technique, light is not the only way in which to
pattern a photoresist. For example, electron beam lithography is similar to direct laser
lithography, but instead uses electron beams for direct writing [54]. Due to the shorter
de Broglie wavelength of electron beams than DUV, on the order of pico metres, this
allows for much smaller feature writing than other types of photolithography, but it is
limited to small volume production due to the timescales involved. Masks for masked
lithography are often made via electron beam lithography, where a focussed beam of
electrons is used to pattern samples. Thanks to the smaller wavelength of electrons
compared to visible light, this results in resolution down to 10 nm, with pattern areas
on the millimetre squared scale. For large masks, stitching between the areas is required,

aided by automated positioning and closed loop process control to ensure fine precision.
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Nano-imprint lithography is another lithography tool with very high resolution,
down to 10 nm [55], [56]. This is where a mould or other stamp creates a pattern by
deforming an imprint resist, which is then processed, and cured during the imprinting.
This can be done with heat or light. Given the 10 nm resolution, being aware of
the position is vitally important for large volume manufacturing using this method;
misaligning the stamp can potentially ruin the process. The added intelligence of
structured illumination and feedback control ensures that the stamp or mould will be
in the correct place, down to the resolution of the projected spot size used for positioning

[57).

1.8.3 Translation stages

With a single light source such as a single u-LED, a translation stage allows the drawing
of lines and shapes in photo-resist, and for larger areas to be cured. It also makes a
mask unnecessary for direct writing. Linear motorised stages allow fine control of the
position, with their positional accuracy limited by the smallest step size of the stage
and the error in the step size. In this thesis, linear servo motors are used with encoders
to provide better control of the stage movement. These were chosen due to their ability
for external, autonomous control, as this would allow more intelligence to be embedded
in the system by direct control of the stage position. However, the movement process
involves mechanical slippage, which can induce systematic or random error; the motor
used had an encoder resolution of 30 nm but the stage itself has a repositioning accuracy

of 2.5 pm.

1.8.4 Alignment Markers

For many applications of photolithography, it is essential to have a reliable and repeat-
able process of aligning the pattern to existing structures on the sample. In this thesis,
the ideal marker would not react with any part of the sample in any way and would
be easily visible by a detector, with no inaccuracy in its position. The errors involved
with such an alignment marker depend on how precisely the edges of the markers can

be aligned.
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In masked photolithography, the reflective alignment markers are included into the
mask, an example of which is shown in Figure 1.19. Alignment can be done with the
micrometre screws previously mentioned, and aligning with a straight edge results in

an error on the micron scale [58].

Figure 1.19: A reflective alignment marker as used in a mask aligner; the same micro-
scopic dents in the substrate can be seen as in Figure 1.17.

1.8.5 Fluorescent Alignment Markers

The reflective alignment markers used within mask-based systems are not the only type
of alignment markers used. Throughout this thesis, fluorescent markers are used, which
are added to the sample itself. The fluorescence of the marker is used to determine the
marker’s position, allowing the markers to be a functional part of the device, as well as
a fabrication aid.

As an example, a fluorescent micro-bead used as an alignment marker could have
electrical contacts fabricated onto it. The marker can be either used as a termination
point of the contact (start or finish), or the sample can be moved before the contact
can be printed. From this, the contact would be part of an opto-electronic device.
Thinking to the future, such a capability could be used for example to make an LED

with a single QD as the opto-electronic emitter. This would have an atom-like nature,
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and would allow direct electro-optic stimulation and access to quantum effects.

As noted previously in this thesis, colloidal alloyed core QD clusters and polyethy-
lene dyed micro-beads are used as fluorescent markers for direct writing (see Chapter 2
for more detail). They are small, respond to non-curing wavelengths with eye-visible
fluorescence, and are unreactive with the photoresist. The markers can be taller than
the height of the layer of photo-resist that is being cured, and current positioning tech-
niques do not allow for control of the marker positions. This means that subsequent
procedures need to align to the marker positions. Fluorescent markers are not the only
kind that can be used for positioning in this way; the markers can be reflective or trans-
missive instead. If using reflective markers, there should be some way of determining
when the marker is illuminated. An example of a fluorescent marker as used in this

thesis is shown in Figure 1.12, which is approximately 20 ym wide.

1.8.6 Closed Loop Process Control

In this thesis, closed loop control is used in the automated photolithography system as
part of the alignment methods. In a closed loop system, a controller will give a signal
to a motor to move to a given point. A feedback system is in place to automatically
determine the output of the movement and give feedback into the controller, to send
a new control signal if necessary. This has applications where the system is fully
automated as it can correct itself to a target value.

PID (Proportional Integral Derivative) is a common control algorithm used for
automation, and is used in the experimental work in this thesis. It comprises of three
elements: the proportional element, which looks at the difference between the current
and target values; the integral, which looks at the sum of these differences between
measurements; and the derivative, which controls the rate of change of the value. By
tuning these three elements experimentally, an ideal response can be made to automate

a system to get an object, such as a fluorescent marker, to an predetermined position.
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1.9 Exposure Dosage Calculation

The exposure dosage calculation estimates the amount of light energy incident onto
the sample during the curing process of photolithography. Estimating the dosages
ensures the photo-resist will be sufficiently photo-cured and allows comparison with
other photolithography arrangements. Dosage calculation for a static photolithography
sample is trivial: the output power of the curing illumination at the sample position is
multiplied by the time that the sample is illuminated for. This assumes an even spread
of light throughout the sample without any reduction in curing power. This can be
done by being spread over a large enough area that there is no noticeable reduction
from a Gaussian light distribution at the illumination edge. If the sample is moving,

the calculation is more involved, as described by the following equation:

2P
F—
T R2v

R2 —y? (1.2)

where E is the dosage in Joules/cm?, P is the curing device power, R is the projected
spot radius, v is the speed of the stage, and y is the coordinate perpendicular to the
movement [15]. This assumes that the projected spot is circular, with a constant
movement speed and a uniform stage speed. By looking at the centre of the cured

structures, i.e. where y = 0, this reduces the above equation to the following:

2P

E= e (1.3)
A non-linear solvent can reduce the curing dosage required to start curing in a
photo-resist [59]. This can be done with a contrast enhancement layer, such as a
photo-bleachable dye, on top of the photoresist. The dye changes the refractive index
during photo-curing to be slightly larger than the photo-resist [60]. This makes a lens

in the polymerised contrast enhancement layer, focusing the photo-curing illumination

and increasing the curing illumination efficiency.
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1.10 Sample Characterisation

After the sample has been made and cured, characterising it allows determination of
how well it matches the intended structure. Some of the criteria that are examined
are the height and uniformity of the structure, the angle of the structure edge walls,
and the presence of debris on the sample. The profile will show the beam shaping of
the curing illumination through the photolithography system, and the suitability of
the cured structures for the intended applications such as waveguides. The following
section will explain some techniques used throughout this thesis to examine structures

after the photolithography process.

1.10.1 Optical Microscopy

Optical microscopy, where a sample is placed in an optical microscope and viewed, is
a non-invasive examination method. The ease of changing the objective lens allows
looking at different length scales; a low magnification to search for the structure at first
and then a higher magnification for close examination, such as the smoothness of the
structures’ edges. An example of an optical microscope image of a fabricated structure
is shown in Figure 1.20, with different objective lenses, to show the difference in scales
and magnification. Quantitive data of the structure size requires a calibration with an
object of known size. The resolution limits of an optical microscope depend on the
optics used, with the NA, or Numerical Aperture, of the objective lens used having the
largest effect on the resolution at a fixed wavelength, with a higher NA value resulting

in a higher resolution.

Surface Profiling

Optical surface profiling is a non-invasive method that uses the reflection of light at
different places and the resultant interference pattern to determine the roughness of a
surface [61]. It allows estimation of the height of the structure as well, when considered
that the structure itself is the roughness to be measured by the profiler. The profile of

the structures shows the uniformity of curing in that dimension and the sharpness of
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(a) Seen though a x40 microscope objective.

(b) Seen through a x10 microscope objective.

(c) Seen through a x4 microscope objective.

Figure 1.20: A cured photolithographic structure viewed through a x4, x10 and x40
microscope objective lens. The bubbles that can be seen around the structure are
unwashed excess photo-resist.
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the curing illumination can be seen by the gradient of the structure’s edges. A near-
vertical edge means that the curing illumination is sharp, allowing for higher resolution
during curing. A large spread of the illumination is reflected in the structure having a

shallow gradient of the side wall.
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Figure 1.21: The same photolithographic structure from Figure 1.20 as seen in an
optical profiler. Note the false colour scale on the right when examining the figure.

Examples of data taken by an optical profiler are shown in Figures 1.21 and 1.22.
In these, a cross that has been cured via photolithography had its profile measured.
Over the whole sample, this also measures the height of the structure. The cross was
determined to have a uniform height over the whole sample of approximately 8 pum, as
shown in Figure 1.21, meaning that the curing illumination is uniform. The side walls
of the structure can be seen to be steep as well, testifying to a low spread of the curing
illumination. It can be seen that the two profiles are different in width (Figure 1.22),
estimated to be 25 and 28 um, for the x and y profile, respectively. The difference
might be due to having a different spread in the two axes or a change in the stage
speed, if piezoelectric motors are used for curing, or is a potential sign of aberrations
in the system, leading to the focussed spot being different sizes in each in-plane axis.

Checking the profile of the cured structures via their shape can show if a structure is
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Figure 1.22: The same photolithographic structure from Figure 1.20 as seen in an
optical profiler. This shows the profile of the structure across its two arms.

over or under cured; given the expected Lambertian output of the LEDs, this affects
the LED output [21]. The in-plane resolution of such a system is dependent on the
objective lens of the system, as with optical microscopy. The out-of plane resolution
for measuring the height of the cured structures is done by interference patterns in the

system and thus is dependent on the resolution of these patterns.

1.11 Structured Illumination Methods

Structured Illumination is the use of spatial modulation with an illumination source,
allowing the projection of a spatially sectioned pattern, which changes the illumination
as a function of position within the projected image. In doing so, information and com-

munications can be encoded in the spatial composition of the illumination, also known
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as space-division multiplexing [62]. This section will look at methods and applications

of structured illumination.

1.11.1 Structured Light Illumination Sources

The pu-LED arrays used throughout this thesis allow structured illumination. By in-
dividually turning each element in the array on or off, framed illumination pattern
sequences can be projected from the array. This approach is called self-emissive as
each individual element in the array emits light. Self-emissive displays have a wider
colour gamut, higher brightness [63], and a faster response time than their backlit,
externally illuminated alternatives [64, 65].

In contrast to the self-emissive methods, a backlit structured illumination source has
a single illumination source that illuminated a spatially modulated reflector or trans-
mitter. Digital Micromirror Devices (DMDs) are commonly used spatially modulated
reflectors, or Liquid Crystal Displays (LCDs) for spatially modulated transmitters, with
a beam-expanded laser an example of the single illumination source. This is used where

a laser would be the preferred illumination source due to its optical properties.

1.11.2 Structured Illumination Patterns

A key component of any structured illumination system are the light patterns that
are projected (discussed in detail in later sub-sections). Illuminating an area with a
suitable pattern allows information gathering of the surface or contents in the Field
of View (FoV) of the illumination. This is a scalable method; on the metre scale, for
example, this can be used as the basis for an indoor navigation system [66], [67], done
by modulated LED ceiling lights. Here, each illuminated ’cell’ within the field of view
receives a unique binary pattern sequence when monitored through a complete cycle of
frames from the structured illumination (u-LED array) source. Thus, for example, a
smartphone could track or navigate people moving through a supermarket or museum.
This can then be used to enhance the user experience by offering deals or information
about nearby objects, and/or combined with GPS systems to offer seamless indoor and

outdoor positioning simultaneously. Indoor navigation using structured illumination is
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especially useful where GPS is unsuitable, such as in hospitals, making optical navi-
gation an attractive option. On a smaller length scale, structured illumination can be
used for 3D imaging on the centimetre scale, and the micrometer scale used for micro
photolithography as in this thesis [68].

Many techniques can be used for positioning, such as triangulation [69], time and
angle of arrival [70], and fingerprinting [67]. The work presented in this thesis uses
fingerprinting. Fingerprinting projects a pattern where each individual coordinate in
the projection will have a unique binary modulation data stream, called the fingerprint.
When using a fingerprint pattern, to maximise the Signal to Noise Ratio (SNR), each
frame should be orthogonal with respect to the frame after it; that is to say, the inner
product of the matrices that describe the illumination of successive frames should be
0 [71]. Many different pattern sequences meet the criteria for fingerprinting. The ideal
one would use the smallest sequence length possible, while giving each pixel position
its own unique pattern sequence.

When sampling the patterns to take measurements, the sampling rate is important.
The Nyquist Shannon sampling theorem says that a signal can be perfectly recon-
structed through sinc interpolation, if its highest frequency is less than half of the
sampling rate. In the context of the thesis, this means that for a pattern sequence
being sent, as long as more than two measurements are made from each projected
frame sent by the illumination source, then it will be fully reconstructed. Practically,
three or more measurements per projected frame are made, so that a measured frame
in the middle of the pattern sent can be used, safe in the knowledge that the entire
measurement will only be in that pattern.

The following subsections will present some of the pattern projection sequences that
are used throughout this thesis, and the different pattern types that are commonly
used. The pattern projections will be used upon a chequerboard style grid projection

illumination, as appropriate to a square pixel u-LED Array.
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1.11.3 Manchester Encoding

Throughout this thesis, the projected pattern sequences use Manchester Encoding. In
Manchester Encoding, the data bits are encoded in the transitions of the data rather
than the individual amplitude level, which is a method called differential signalling [72].
This means that low to high and high to low are the two bits being sent in a binary
system, mapped to 1’s or 0’s [73]. Thus, the clock information is embedded into the
signal itself, allowing for synchronisation during decoding. It also allows variance in
the amplitude levels of individual pixels, as long as the values for low are smaller than
the values for high. This does, however halve the data rate due to needing to have two

logic levels detected instead of one for each bit being sent.

1.11.4 Raster Scan

The raster scan is the simplest pattern sequence that gives a unique spatio-temporal
fingerprint; one pixel element is turned on at a time, cycling through the entire u-LED
array. For an array with N pixels, a pattern sequence of length N is required [68]. While
simple and easily programmed, the linear scaling of the pattern sequence length with
array size means that the amount of data to be taken and analysed scales linearly. This
can be an issue where a high pixel resolution is required for higher positioning accuracy
in a given FoV. Raster scanning typically requires synchronisation of some description
between the emitter and detector. It lacks rotational symmetry, and each pixel has a
low duty cycle, being on for only % of the time [74]. These factors make raster scanning
unsuitable for general purpose illumination, which requires flicker-free illumination as
seen by humans. This pattern sequence requires high frame rate emitters and detectors,
with very high precision timing requirements, both of which would scale linearly with
the array size. However, the orthogonality requirement is simple to achieve with the
raster scan, as the matrices that describe the raster sequence only contain one non-zero

element in each of them; therefore, each frame is orthogonal to each other frame.
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1.11.5 Binary Pattern Sequences

This section will discuss important examples of pattern sequences that can be used as
an alternative to raster scanning. For a square array of dimension m (so that the arrays
size n = m x m), it is desirable to design sequences of binary illumination patterns that
enable positioning. Such sequences can be designed to trade off sequence length, signal
to noise ratio, and resilience to background signals. For a 2 x 2 array, the following

three matrices provide a useful alternative to a raster scan:

s (10
10
w10
00
w10
0 1

These three matrices are the basis for many different types of binary search patterns.
For example, by taking the B! and B? matrices and expanding upon these over a larger
matrix, a row and columns pattern sequence is made, where each column and then row
is sequentially illuminated. This is simple to grasp and for a square array would have
the shortest pattern sequence length. Figure 1.23 shows the first two patterns of the
rows and columns sequence. This pattern is not orthogonal with every frame, with % of

the frames not orthogonal with the previous frame, affecting the SNR of the positioning.

(a) First frame (b) Second frame

Figure 1.23: The first two frames sent in the row and columns sequence.

By taking the rows and columns pattern sequence described previously and increas-
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ing the duty cycle to 50%, done by increasing the width of the rows and columns to
half the array, the robustness of the patterning sequence is increased due to the higher
number of pixels on at any one point, making it more suited for general purpose il-
lumination. This 'moving bars’ pattern approach has an advantage in that it can be
displayed by a passive-matrix LED array. Figure 1.24 shows the Moving Bars Frames
as used in this thesis with a 16x16 u-LED array.
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Figure 1.24: The moving bar frames used in this thesis.
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1.11.6 Hadamard patterns

The matrices B! to B3, when combined with their inverse, make a pattern sequence
known as the Hadamard pattern sequence for m = 2, suitable for 2" x 2™ tracking.
While this is not the minimum length that a sequence can have (this would be length
l = 2loga(n)), having additional frames improves the reliability, as any errors in the
minimum sequence length will affect the positioning. Due to the higher duty cycle of
50 %, this pattern sequence is more suitable for spatio-temporal fingerprinting in general
illumination than a raster scan. Each Hadamard pattern has rotational symmetry from
the requirement that the inner product of a Hadamard pattern and its inverse must
be an identity matrix [75], allowing an even spread of light. These two characteristics
make the Hadamard sequence suitable for indoor lighting applications, where over a
large enough area and a high enough frame rate, it can be used for indoor positioning
simultaneously alongside illuminating the room [76] [77], and only requires a subset of
the full pattern sequence, of length k& = 2log2(N), where N is the number of u-LED
elements, for positioning[71]. Using a subset of the full pattern sequence is known as
compressive sensing, and is key for this thesis as it allows less data to be taken for
positioning or imaging. As an example, with an 8x8 array, 12 patterns are required
for positioning with Hadamard patterns, compared to 64 patterns in a raster scan, and
16 in the rows and columns pattern sequence. This does not mean that the rest of
the pattern is wasted; adding extra frames improves the Signal to Noise Ratio (SNR)
[76]. Examples of Hadamard patterns are shown in Figure 1.25; the light blue pixels
indicate pixels that are on, and the white pixels are off. Figure 1.26 shows a u-LED
array emitting an example Hadamard Frame onto a piece of paper. Here, however, the

white pixels on the laptop screen show an emitting pixel on the array.
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Figure 1.25: Examples of Hadamard frames used in positioning. Here the patterns are
illustrated for a 16x16 element emitter device.

Figure 1.26: Photograph showing a pu-LED board emitting a Hadamard frame. Here,
white signifies that a u-LED is switched on instead of off as in Figure 1.25.
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1.12 Structured Illumination Applications

1.12.1 Visble Light Positioning

Visible light positioning is an application of Structured Illumination, possible with
self emissive and backlit systems. For any positioning system, a coordinate system
needs to be implemented in the illumination field of view. This allows a framework
for understanding the object’s position in the FoV and quantifies the distance between
points within it. Where two or more pixelated systems are within the optical path,
such as a u-LED array projecting onto a DMD, the smallest area that can change in
a structured light situation projected on the sample is used as the coordinate system.
If there is only one pixelated element (such as a beam expanded laser hitting a DMD)
then that element’s pixel system is used.

In a structured light visible light positioning system, data are encoded in the position
of the data stream, and each position has its own unique data stream, resulting in
spatio-temporal fingerprinting. In the u-LED arrays used in this thesis, there is a pre-
determined coordinate system. This can result in coordinate (1,1) not being in the
upper left hand corner as expected. This happens when the image of the illumination
source is rotated with respect to the detector, either through the optical system or if
the two use different schemes.

A practical example of visible light positioning is indoor navigation, applicable to
such as a supermarket or warehouse, to improve accuracy where global positioning
system signals are inaccurate, or for areas where radio signals are unwanted, such as
in hospitals. To determine the position, a receiver, such as a mobile telephone that
is within the lighting’s field of view can use the principles of compressive sensing and
single pixel imaging to find its position within the illumination. This is where a single
detector in each device is used to record the illumination that hits it. The recorded
measurements are then ordered to find the start of the illumination sequence from

which the patterns can be used to find its position.
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1.12.2 Compressive Sensing

This section will illustrate compressive sensing and single pixel imaging and how they
can be used for visible light positioning. As mentioned above, compressive sensing is
a signal acquisition technique used for imaging with under-determined linear systems,
where the pattern sequence length is shorter than the total number of illumination
pixels in the array. Therefore, more than one pixel is shown in each pattern, while
ensuring that the frames are orthogonal to each other. This results in an effect called
compressive sensing [78], while the orthogonality reduces the number of frames required
for the imaging to work [79].

Compressive sensing differs from conventional compression as the data acquisition
is itself compressed, whereas conventional compression requires all the data to be taken
before compression can commence [80]. Therefore, this reduces the amount of data
taken in the first place.

In the practical application of compressive sensing with structured illumination, the

main figure of merit is the compression ratio. This is shown by the following equation:

NumberO f M easurements
PizelCount

(1.4)

CompressionRatio =1 —

Where Pixel Count measures the number of pixels in the array. It is common these

days to see compression ratios of over 90 % [81].

1.13 Single Pixel Imaging

Single Pixel Imaging (SPI) can be thought of as the opposite of imaging that is done
with a digital camera, with a single light source and a multi-pixelated detector sup-
plying the spatial information. Instead, the light source is pixelated with a temporally
changing illumination pattern, imaged with a single detector [68] [82], such as a pho-
todiode. By knowing each pattern sent and the corresponding measurement on the
detector, an image can be reconstructed [83]. The maximum resolution of the output
image is the same as the resolution of the illumination [84], [74]. For this reason, SPI

aims to use the largest illumination resolution, to maximise the resolution of the output
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image. This technique is often used where detectors are expensive to manufacture, such

as for wavelengths outwith the visible, or detectors that work on a very short timescale.
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Figure 1.27: Diagram of a Single Pixel Imaging setup.
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Figure 1.28: Example single pixel image.

Figure 1.27 shows a representative setup used for Single Pixel Imaging. The spatially
dependent light source is imaged and directed onto a target (the ‘T’ shape). The
detector fibre then detects the light reflected from the target, which is then sent to the

detector and its intensity measured. A lens could be placed over the detector’s fibre

45



Chapter 1. Introduction

holder to match the FoV of the detector and illumination source, thus collecting more
reflected light from the target, improving the SNR.

The detector and illuminator are synchronised, either by a trigger signal or embed-
ding a clock in the illumination pattern sequence, allowing one intensity measurement
taken per illumination frame. By combining the frame sent with the measured intensity
for that frame, a single pixel image can be taken, of which an example of this is shown

in Figure 1.28.

1.13.1 Hyperspectral Single Pixel Imaging

Hyperspectral Single Pixel Imaging (HSPI) is a hyperspectral imaging method where
spatial information is obtained by using a structured illumination source, and a single
pixel detector is used with a narrow spectral resolution. A spectrometer with a fibre
input makes an ideal HSPI detector due to combining both of the spectral factors
previously stated with a small SWaP-c, allowing it to act as a point detector. HSPI
differs from MultiSpectral Imaging (MSI) due to the number of spectral channels used.
MSI is often used with CCD cameras as they have three channels, one for red, green
and blue parts of the visible spectrum, or with a small number of bandpass or edge
pass filters. Spectrometers used in Hyperspectral Imaging typically have a few 1000
channels can be measured with a spectral resolution on the order of 1 nm. HSPI is used
in applications such as plant phenotyping, [85], astronomy, [86], [87] and environmental
monitoring [88], [89].

Figure 1.29 shows a representative setup for HSPI. The illumination is imaged onto
a target, which is then picked up by the fibre in the fibre holder post and then sent to
the detector, which has a fine spectral resolution.

When looking at hyperspectral images, many methods are available to analyse the
spectra. The peak wavelength and intensity of a given spectrum is a simple yet useful
measurement. While it gives only two values per pixel (the highest numerical value and
associated position), it can be used to map the spatial distribution of spectral features,
which may be associated with spatial distribution of the fluorophores.

The Full Width Half Maximum (FWHM) of a spectrum is the difference between
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CCD Spectrometer
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Figure 1.29: Diagram of a Hyperspectral Single Pixel Imaging setup. This is similar to
Figure 1.27, but here the CCD spectrometer affords spectral imaging capabilities.

the wavelength positions of the two values that are equal to half the maximum inten-
sity value. The FWHM gives a measure of the spectral width of the luminescence or
fluorescence; it does not inherently give any information about the wavelength of the
fluorescence. For this reason, it is often combined with other analysis methods such as
determination of the peak wavelength, but if each different fluorophore has a different
FWHM, then it can be used as an identifying feature.

A least squares fitting can be done on each recorded frame, with prior knowledge
of each spectral profile. Through this, it is possible to recreate the spectra taken. The
least squares fitting will then return multiplier values for each component, showing the
relative emission strength of each component. If desired, the original recorded frame
can be reconstructed by multiplying the returned value from the least squares fitting
and multiplying it by the normalised spectra, which are then summed.

Finally, and the most involved method of the ones mentioned here, the recorded

spectrum can be split into its constituent principal components, such as illumination
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and each fluorophore, and is called Principle Component Analysis (PCA). This al-
lows direct measurement of each component in every frame, along with their relative

brightness, and assumes that each component is orthogonal to each other component.

1.14 Summary

In this chapter, the fundamental concepts and background knowledge for the thesis
were explained. The history, theory and characterisation techniques for LEDs were
discussed with an explicit interest in blue and Deep UltraViolet (DUV) LEDs. Then
the fluorescent markers that are used throughout this thesis were explained, describing
how they are made and used throughout all of the results chapters. Photolithography
was then introduced, with its history, how photo-curing works from the optical theory
to photoacid generation, film creation and patterning methods, a key technique in
Chapters 2 and 3. Sample characterisation methods were also discussed. Structured
illumination was then explored: how images are made, the patterns that are sent, and
how this can be used in imaging and positioning. Finally, single pixel imaging, and
more specifically, hyperspectral single pixel imaging were explained, as these will be

imperative in Chapter 4.
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u~-LED based Direct Writing
System

Direct writing is a type of photolithography where the radiation is focussed to a narrow
beam to expose a pattern in photo-resist, a method also known as mask-less photolithog-
raphy [14], [90]. The tightly focussed beam makes the mask used in flood illumination
photolithography unnecessary, as moving the narrowly focussed beam or sample plat-
form provides the spatial control for exposure that would otherwise be afforded by the
mask [11]. There are two main methods of mask-less photo-lithography: either using
lasers [13],[91], or LEDs [92], [93], [15], [16]. Lasers are often used as they are tightly
focusable, the output wavelength is easily tunable, and they can be used at high out-
put powers, often on the order of 10s of pW[12]. When used with digital multi-mirror
displays[17], lasers can produce patterns over relatively large areas.

The main advantage that u-LED arrays have over other forms of direct writing, how-
ever, is their direct electronic control. By using CMOS (Complementary Metal-Oxide
Semiconductor), fine control of u-LED arrays is possible, meaning that the frame rate
and duty cycle (the amount of time in a given window where the p-LED is switched
on) can be externally programmed [94], [95]. This allows control of the amount of light
that is hitting the sample, so that extra energy is not being wasted unnecessarily curing
the sample, which would make the structures larger than intended.

This chapter discusses such a direct writing setup using p-LED arrays for both
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micro-alignment and photolithography. The experimental setup and design choices
of the system will be explained. Sample handling and the photo-resist used will be
discussed. The automated positioning will then be explored and the algorithm used for
this detailed. Finally, the results of photolithography using the system are shown, and
numerous parameters of photolithography explored for the cured structures. The key

results for this chapter have been published in [1] and [2].

2.1 Direct Writing Setup

CCD Camera Computer

" —
TL < S
f> p LED2 ,],
BS N i
\ f
3,4
Lox LED1 4 FPGA2
Sample A
XYZ Stage A FPGAL A

Figure 2.1: Diagram of the p-LED based direct writing setup.

A diagram showing the p-LED based direct writing setup is shown in Figure 2.1,

which consisted of the following components:
e f1 - Spherical Lens (Thorlabs LA1461-A), /10
e 2 - Spherical Lens (Thorlabs LA1131-A), f/2
e 3/f4 - Aspheric lenses (Thorlabs AL1210M-A - ¥12.5 mm S-LAH64), /0.8

e D - 425 nm wavelength transmission long-pass dichroic mirror (Thorlabs DMLP425L)
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e LEDI1 - 405 nm emitting circular u-LED array of size 16x16, diameter 72 pm,
100 pm pitch

e LED2 - 450 nm emitting square u-LED array of size 16x16, 98 pm wide, 100 pm
pitch

e FPGA 1,2 - Xilinx Spartan 3, driven by Opal Kelly driver XEM3010-1000.
e BS - 50/50 beam splitter (Thorlabs BSW16)
e X10 - x10 Zoom Microscope Objective Lens Thorlabs (RMS10X)

e XYZ Stage - Motorised XYZ translation stage (Newport 9064-XYZ-PPP), and
driver (Newport 8742-4))

e TL - Tube Lens Thorlabs TTL200-A)
e M - Mirror Thorlabs (PF20-03-P01 - 02 )

e CCD Camera (FLIR CM3-U3-13Y3C)

Figure 2.2: Photograph of the y-LED based direct writing system, c.f. Figure 2.1.

A photograph of the setup is shown in Figure 2.2, and a photograph of a u-LED

array on a daughtercard is shown in Figure 2.3; the array itself is indicated by the arrow,
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and was fabricated by David Massoubre as per [95]. On the left hand side of Figure 2.3,
the Field Programmable Gate Array (FPGA) can be seen, with a white USB connector
leading off the top left corner of the image. The FPGA module provides routing of the
digital signals throughout the device and electronic test points. It also supplies voltage
to the p-LED array daughtercard and the CMOS technology that controls the u-LED
array. This device has a modular design, allowing the p-LED array and FPGA module
to be easily changed for each experiment as appropriate. The rest of the image shows
the control electronics required for the u-LED array. The arrays that were used were
manufactured in-house at the Institute of Photonics. CMOS control, using technology
developed at the University of Edinburgh, was used for the emitters as it allows a high
frame rate and high fidelity pattern projection.

The spherical lenses are used to demagnify the u-LED arrays, resulting in projected
u-LED spot sizes of 20 pum, for a demagnification factor of about 4:1. LED1, with its
peak emission wavelength of 405 nm, is used for photo-curing and is representative of h-
line photolithography, and LED2, with its 450 nm peak emission wavelength of 450 nm,
is used for marker positioning. A cage system is used to simplify the alignment process
for the system (see Figure 2.2); it ensures that all the optical elements are aligned
with each other so that the light path is centred within the elements. The dichroic
was used to reflect light at a shorter wavelength than 425 nm. With pu-LED arrays of
wavelength 405 nm and 450 nm, the dichroic reflects the curing light while transmitting
the positioning light at 450 nm and thus the system only requires one dichroic. The
arrays are physically close to the dichroic to reduce the external light that would travel
though the system.

The p-LED Arrays are aligned so that both arrays have roughly the same Field of
View (FoV) and the projected pixel illumination is the same between the arrays. This
required full control over the alignment and position of the arrays in relation to the
dichroic, and many rounds of alignment of the distance between the u-LED array and
the dichroic. The coupling of the u-LED array into the system also requires fine control,
enabled by mounting the pu-LED array on an XYZ precision stage. Figure 2.4 shows
the emission spectra of the two types of pu-LEDs used in this work; the violet u-LED
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Figure 2.3: Photograph of a u-LED array used, with the white arrow pointing to it. The
CMOS/u-LED array itself is held within the orange dashed square, on a daughter card,
which is the PCB surrounding the array, in the purple dashed square. The daughter
card is placed attached to a larger motherboard. Also connected to the motherboard, to
the left of the u-LED array daughtercard is an FPGA board (the cyan dashed rectangle)
with a USB cable out of the top of it, connecting it to the controller PC and is the only
external connection from the board.

has a FWHM of 12.95 nm, whereas the blue p-LED has a FWHM of 16.5 nm. The
spatial output of the y-LEDs in good approximation followed a Lambertian emission
pattern, where the output is proportional to the cosine of the angle between the line
of sight and the surface normal to the p-LED [21]. The 450 nm emitting u-LED array
was chosen for the structured illumination based positioning, as its wavelength did not
cure the photoresist and has a high fill factor of 99 %.

While an XYZ stage was used in this system, the focus in the z-axis was found by
eye. Methods are available to actively control and adjust focus during operation, and
these could in principle be used alongside the method described here. The stage was

first used to align LED2 with an alignment marker by means of the process described
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Figure 2.4: Emission spectra of the u-LED types used in this chapter. Top: A violet

LED with a peak wavelength of 405 nm. Bottom: a blue LED with a peak wavelength
of 450 nm.
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in Section 2.3, and then in a second step it was also used during photolithography.
Photo-resist structures were made by moving the stage with a single 405 nm p-LED

curing the photo-resist.

2.2 Sample Preparation

Throughout this thesis, borosilicate glass slides have been used as a substrate for pho-
tolithography.

The glass slides were first cleaned, by use of a triple solvent rinse. The slides were
placed in a glass dish, with enough space for them to not overlap each other. Then
acetone was poured over the slides to cover them, the dish placed in a ultrasonic cleaner,
which was operated for 5 minutes. Afterwards, the acetone was poured out, taking care
to not pour out the slides. This process was repeated with methanol, iso-propyl alcohol
(IPA) and deionised (DI) water. After the DI water was poured out of the dish, the
glass dish was placed on a hot plate at 110 °C for 20 minutes, keeping an eye on the
slides and occasionally moving them so that they were easily removable after drying.

When illuminated with a pattern sequence from the 450 nm pu-LED array, micron-
sized fluorescent markers placed on the sample can result in a fingerprinted spatio-
temporal fluorescent emission. This enables the system to self-calibrate for position-
defined direct writing into photoresist. Two types of fluorescent markers were used
in this Chapter: red-emitting CdSe colloidal alloyed core Quantum Dot (QD) clus-
ters, 20 um in diameter and fluorescent dyed micro-beads, (Cospheric fluorescent red
polyethylene micro-beads), 10-25 pm in diameter. The excitation spectra of the beads
are shown in Figure 1.11. The term ”"marker” used henceforth refers to both the QD
clusters and the micro-beads, and the experiments shown here can be done with either
marker type.

When using the QD clusters as markers for positioning, they need to be added
to the substrate before the photo-resist is applied. The clusters were chosen for their
fluorescence at 630 nm, absorbance at 450 nm and incorporability in water. The QDs
were mixed in DI water and were drop cast onto the glass substrates, then allowed

to evaporate to dry at room temperature. It was found that one to two drops of QD
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clusters was enough in this process. The photo-resist was then applied, also drop cast
onto the substrate. Enough drops of photo-resist needed to be applied for a thin film
to be visible after spin coating; for a 10x10 mm? glass slide, two drops of photo-resist
were required, and for a 15x15 mm? slide, 5 drops were required. The sample was then
spun on a spin-coater at 3200 rpm for 20 seconds.

With the micro-beads, these were directly added into a small amount of the photo-
resist, which was then drop cast onto the sample and then spun at the same spin speed
as before. The photoresist that was used was a UV sensitive resin (brand Anycubic),
originally designed for 3D printing, due to its sensitivity at the curing wavelength of
#-LEDT at 405 nm, while being unaffected by the wavelength of u-LED2 at 450 nm. A
concentration of approximately 2 mg of beads per ml of photo-resist was found to work
well and struck a balance between having enough beads to find them easily without
much wastage, while also having a low enough concentration to have only one bead in
the FoV. It is important to have only one bead in the FoV for the positioning algorithm
to work properly, as will be explained in section 2.3.

After photo-curing, acetone was applied to the sample to develop it by submerging
the sample in a glass dish with acetone and gently agitating for 30 seconds. This
removed any uncured photo-resist. The sample was then cleaned following the triple
rinse procedure detailed above, but for only 30 seconds in the ultrasonic bath for each
solvent rather than 5 minutes. The sample was then dried by gentle application of a

nitrogen gun.

2.3 Automated Positioning

This section covers the automated positioning, the algorithm that was used for po-
sitioning, and how this was applied practically within the autonomous direct writing
system. Automated positioning offers many advantages. It can be quicker and more
precise than manual alignment, due to the computing power behind it and the increase
in positioning resolution offered by autonomous systems [96], [97]. The autonomy of
the system allows feedback loops to input the measured position of the marker back

into the setup, allowing for numerous alignment steps during positioning, known as
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closed loop process control [98]. The positioning can be directly linked to the photo-
lithography capabilities, so that curing can start immediately after positioning, without
human interaction [2].

The first thing to consider was the speed of the system. This was limited by the
computer’s ability to read and write pictures to and from the hard drive, and the largest
camera frame rate that could be reliably achieved was 12 Frames Per Second (FPS).
In order to provide sufficient margin to the Nyquist-Shannon sampling limit, 3 camera

frames were taken per illumination frame, so the system was ran at 4 FPS.

2.3.1 The Automated Positioning Algorithm

Pattern Spatial Spectral
= . e .
Detection Filter Filter

A SNxpxqx3 Nxrxsx3 Nxrxs
Pattern Sequnce
Pattern
Projection Tntegrate
Nxmxn Actual pixel N
XY Position intensities
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Figure 2.5: System Flow Diagram of the automated positioning. The dimensions of
the output from each step are noted. Here, N is the number of frames, m and n are
the LED array co-ordinates, p and ¢ are the dimensions of the CCD camera, and r and
s are the dimensions of the spatial filter.

Figure 2.5 shows the system flow diagram for the automated positioning algorithm,
with the dimensions of the data cube after each step in the system flow diagram listed
underneath that step. Firstly, IV patterns of size n x m are projected. These are

detected by the camera, which takes 3 pictures of size p x ¢ x 3 for each projected

o7



Chapter 2. p-LED based Direct Writing System

pattern, where p and ¢ are the dimensions of the CCD camera’s detection pattern and
the 3 is from the three colour channels for each image, Red, Green and Blue, for a data
cube of size 3N X p x ¢ x 3. The middle frames of each pattern projected by the u-LED
Array are selected for analysis. Then the spatial and spectral filters are applied to the
frame and the intensity of pixels that meet both criteria are summed. This results in
a single numerical value for each projected pattern, allowing the ideas of single pixel
imaging as described in Section 1.13 to be used. The rest of this section will describe
these steps in further detail.

The spatial filter, as shown in Figure 2.6, is required as the edge of the u-LED die is
reflective. Therefore, some edge u-LEDs are seen twice by the camera, as light is being
coupled through reflection off the die edge. In Figure 2.6a, the u-LEDs at the left hand
edge of the array can be seen twice, along with a (in this case reflective) target in the
projected u-LED array. As a result, the FoV of the camera is artificially reduced by
selecting the area over the projected u-LED array, removing the reflections, and this
area is used for positioning, as shown in Figure 2.6b. The size of the data cube after
the spatial filter is an image of size N X r X s x 3, where r and s are the dimensions of
the spatial filter.

The spectral filter is then applied to only show the fluorescence in the images. An
RGB CCD camera stores images in three channels, respectively corresponding to Red,
Green and Blue detectors on the CCD Camera. The frames corresponding to the Red,
Green and Blue channels for each image are extracted, which because the illumination
and fluorescence are different colours, allows the filter to be applied. This is done by
applying a minimum and maximum value for each colour channel that corresponds
to the fluorescence, so that the only pixels that are counted are the ones that have
colours that resemble the fluorescence. This results in a binary mask for the image.
The output of the spectral filter, when applied to the full data cube, is a data cube
of size N x r x s x 3, with the pixel values unchanged if they are within the spectral
filter, and 0 otherwise. Figure 2.7 shows what happens during the spatial filter, with a

fluorescent bead.
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Figure 2.6: This shows the effect of the spatial filter. a) shows a bright reflective target
in the projected u-LED array. The reflection off the LED die can be seen on the left
hand side of the image. b) shows the same area as a) with the spatial filter applied.
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Figure 2.7: Shows a fluorescent bead during the positioning process. a) shows the
bead when it is not illuminated. b) shows the bead when it is illuminated by the blue
pu-LEDs. c) shows b) after the spectral filtration process is done to it. The blue areas
in a) and b) are representative moving bars patterns from LED2.
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After the spatial and spectral filtering, each image is then summed, to count the
intensity of pixels in that image are within the spectral filter, summing over all three
colour channels to output a single value for that image. This results in a data cube of
size N for the whole positioning dataset, one value per image, to make the Temporally

Modulated Fluorescence (TMF).
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Figure 2.8: Example TFM data taken of a marker (a, top), and the Temporal Illumina-
tion Modulation (TIM) data at that position (b, bottom). The bold dotted line shows
the start frame of the illumination pattern.
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These TMF data are shown in Figure 2.8 a), which shows the spectral response
from each measurement recorded for a representative marker at a random position in
the FoV of the blue u-LED. As each measurement is shown, the three measurements
taken per pattern in the sequence can be seen, where values roughly match in groups of
three. The bold dotted line shows the start frames used in the system, with the earlier
start frame used for positioning as that will have the full imaging sequence, and the
middle frame from the sets of three used as the single pixel imaging dataset used for
positioning.

The large difference shown in Figure 2.8 a) between the on and off frames when
the marker is fully in the illumination of the u-LED array reduces the inherent errors
when using this data for positioning purposes. While it might be expected that the
data have higher values when within the p-LED illumination, closer to a binary data
set, the marker might be on the edge of a particular pixel during the positioning.
This would mean that less illumination would fall upon the marker, thus reducing the
resulting fluorescence. This could potentially be considered as the basis for a sub pixel
positioning arrangement, where if the data can reliably show this, positioning within a
pixel’s projected spot size might be possible.

Figure 2.8 b) shows the Temporal Illumination Modulation (TIM) data, the illu-
mination of the u-LED array at the marker’s position. As a simulation, the TIM data
is a binary encoded sequence and is compared with the TFM data (Figure 2.8 a)) as
a Ground Truth for positioning. There is a strong correlation between the TFM and
TIM data sets, showing that this method of positioning works well.

In order for the positioning to have any real meaning, co-ordinates need to be
assigned in the FoV of the chequerboard illumination array. This allows visualisation
of the marker in the pu-LED array illumination and gives a familiar numerical result
from positioning. Here, the same coordinates as originally designated within the u-
LED array are used, so that (1,1) in the algorithm refers to the pu-LED designated (1,1)
in the array. This allows consistency between the u-LED array and the positioning
algorithm.

To output a co-ordinate value, the TFM data were first analysed to determine which
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frames the marker is present in through each frame’s summed intensity value, resulting
in a binary sequence of numbers for each axis in the projected p-LED illumination.
With the moving bar pattern (see Section 1.11.5), each position in the array has a
unique sequence associated with it [76]. In each axis, the associated sequence and the
measured sequence for each position was compared and the difference calculated. To
find the position of the marker in the array, a brute force minimum search is applied
to the sequence, with the position with the lowest difference between the measured
and associated sequence is output as the position in that axis. From an initial data
cube of size 3N X p X ¢ x 3, 2 values were output from the algorithm. This algorithm
was simple to implement and has little computational difference when compared to the
extra development time required for a more sophisticated algorithm to be made.

The determined position is then compared to the marker’s target position, with a
PID loop (Proportion, Integration, Derivative, see Section 1.8.6) used to control the
movement of the marker. The entire positioning is then redone to check that the marker
is at the correct position, and if required, more cycles of positioning are done, which
circumvented inaccuracies in the hardware.

Figure 2.9 shows the results of aligning a randomly placed marker, here seen to be
at coordinate (13,11) on the CCD camera, which was then moved to a pre-designated
target location of coordinate (15,15). Figure 2.9a) shows, as a function of time, the
movement in one axis, designated the x-axis, and b) shows the movement in the y-
axis, orthogonal to the x-axis. Two cycles of movement were required to get to the
target, requiring three cycles of positioning: one to establish the starting position
and then one after each cycle of movement. In this Figure, the actual position is the
position seen on the CCD camera, with computed position the output of the positioning
algorithm. There is a slight discrepancy between the two initially, and after the first
movement cycle, but the two eventually come together with the algorithm eventually
outputting the target coordinate, showing that the system is capable of positioning to
a pre-designated target position. The starting discrepancy might stem from the initial
position of the marker within the projected u-LED spot. If the marker was at the edge

of the spot, then the algorithm may erroneously output the neighbouring coordinate.

63



Chapter 2. p-LED based Direct Writing System

310

- F —Actual Position
—F— Computed Position

3

X Coordinate (um)

N

=

o
r

260%F

250 . . . .
0 50 100 150 200 250

340 T : T T T

- } = Actual Position
320 | | ==F==Computed Pasition 1

g 8

Y Coordinate (m)
g

240

2209 g

200 : ; ' :
0 50 100 150 200 250

Time (s)
Figure 2.9: Plots showing how a marker’s computed and measured position changes
with time. The Actual position used the CCD camera to establish the position of the
marker, with Computed position being the output of the positioning algorithm.
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2.4 Photolithography

2.4.1 Structures made

After the sample has been prepared, the markers added, and the sample aligned, pho-
tolithography can begin. Photo-curing was done with a single 405 nm p-LED to increase
the curing dosage of that p-LED, and to reduce cross-talk between p-LEDs. Using mul-
tiple 405 nm p-LEDs results in dead zones between projected spots, due to the 41 %
fill factor of the device used, meaning that the resulting structures will not be uniform.
Curing was initially done by turning the 405 nm p-LED on for 100 % of the time and
moving the motorised stage as quickly as possible. Figure 2.10 shows a structure cured
using the system without the positioning; this was done as proof that photolithography
could be done with this system and that patterning lines, right angles, and crossing
over the same area were all possible. The structures in Figure 2.10 are approximately
65 pm wide, larger than the pu-LED spot size of 20 pum, which is expected to be the

smallest structures possible with this system.

Figure 2.10: Example of a structure cured in the Anycubic resin. The dots seen in the
background are excess resin that has not been washed off.

Figure 2.11 shows the first structure that was cured with the positioning: at the
centre of the cross, there is a fluorescent colloidal quantum dot cluster used for posi-
tioning, inside the orange circle. The position was carefully chosen due to the fact that
the cluster was the only one visible within the FoV of the u-LED board during posi-

tioning. This shows that the system is capable of multi-step alignment during curing.
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Figure 2.11: Micrograph showing the first cross made with the automated positioning
tool. A positioning QD cluster can be seen in the centre of the cross, in the orange
circle.

Figure 2.12: Micrograph of a cross shaped structure cured with a marker bead in the
centre of the cross, showing how the positioning can be accurately done multiple times.

Figure 2.12 shows a sample similar to Figure 2.11, where the triple rinse was done,

showing how much cleaner the sample is after the triple rinse, forming the standard
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for the post-curing procedure. This structure was cured after the duty cycle work was
undertaken later on in this Chapter to finalise the settings used.

The fluorescent markers can be used for more than purely alignment. When the
markers are embedded into the photoresist, as they are here, they offer the possibility
of further functional use; for example, the marker can be embedded into a polymer
waveguide. This allows the fluorescence from the marker to be guided away from the
marker’s original position by a polymer waveguide, allowing its detection elsewhere
on the sample. Figure 2.13 shows a structure similar to that shown in Figure 2.12
when imaged via an environmental SEM (thanks go to Emma Butt of the University

of Strathclyde in assisting with acquiring Figure 2.13).

SED 3.0kV WD10mmP.C.65 HV  x550 20um  —
University of Strathclyde 0015 Mar 17, 2020

Figure 2.13: An ESEM of a sample similar to the one shown in Figure 2.12, but with
cured features below 20 pm in width.
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2.4.2 Characterisation of the structures

The structures in Figure 2.10 are approximately 65 pm wide at their widest, larger
than the p-LED spot size of 20 pm. This is because the dosage is too high and a result
of the Lambertian output of the LEDs, where the curing dosage will be dependent on
the cosine of the angle between the surface normal and line of sight [21]. Therefore,
as the curing dosage increases, so too does the area cured. The dosage is dependent
on a few factors, mostly the stage speed and the output p-LED power [15], as will be
explored in Section 2.4.3. Having a higher stage speed reduces the dosage, but the stage
was already set to the maximum speed here. The CMOS control of the u-LED array,
while capable of many things, is not capable of reducing the p-LED output power due
to the binary control it offers. However, the duty cycle of the u-LED, the percentage
of time that the u-LED is on in a given period, can be reduced. The CMOS control
affords change in the frame rate and duty cycle (the percentage of time that the LED
is switched on) of the curing pu-LED separately, giving fine control of the dosage.

e

Figure 2.14: Micrograph of a sample where the frame rate and duty cycle were changed
simultaneously while curing, while their product remained constant. It was thought
that this would keep the dosage the same. The structures seen used a period length of 1,
0.5 and 0.4 s, respectively. More structures were cured, but the dosage was insufficient
to cure the photo-resist.
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It was originally thought that with a higher frame rate, a lower duty cycle was
needed in order to keep the dosage the same. Figure 2.14 shows a set of structures
made by the photolithography system where the product of the frame rate and duty
cycle was 0.031. A reference dot was cured to orientate the sample, seen at the right
of the figure, and then lines were cured with a series of frame rates and duty cycles,
with the product of the two was kept at 0.031. It was thought that this would keep the
dosage the same. However, not all the structures can be seen, signifying that they have
not been cured sufficiently; the structures being a series of dots rather than solid lines
shows the effect of period length on the cured structures. This figure shows that instead
of a combination of the frame rate and duty cycle, only the latter affects the curing
dosage, and that the higher the frame rate, the more dots are in the cured structures,

eventually becoming a smooth line.

Figure 2.15: Micrograph of a sample where the duty cycle is changed between each
structure cured, with a 100% dot cured for orientation purposes. Duty cycles used for
this sample: 100%, 50%, 10% and 5% are visible. A duty cycle of 1% was used, but
did not cure structures.

To test this, Figure 2.15 shows the effects of changing the duty cycle of the curing
#-LED by curing lines with different duty cycles, at 500 FPS. The duty cycles used were
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as follows, from right to left: 100, 50, 10, 5 and 1 %. The large dot at the far right was
again made to orientate the sample. There are only 4 lines visible in Figure 2.15 as the
1 % duty cycle did not cure the photo-resist and was washed away during development.
As the frame rate was increased, so too were the smoothness of the structures as shown
previously. Because of this, frame rate was kept as high as possible; the rest of the
structures in this chapter were cured using a frame rate of 500 FPS.

Figure 2.16 graphically shows the relationship between duty cycle and cured struc-
ture width; the shape of the graph indicates that the cured structures near 100 %
duty cycle were reaching the maximal structure width available with that size u-LED
[99]. Combined with Figure 2.15, this confirms that the size of the cured structures is

affected by the duty cycle, and is directly proportional to the curing dosage.
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Figure 2.16: Graph showing how the width of the cured structures from Figure 2.15
change with duty cycle of the curing u-LED.

While the structures made are smooth, some of the samples are dirty. For example,

quantum dot clusters can be seen around the structure in Figure 2.11, requiring the
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sample to be cleaned properly after curing. In order to do this, a triple rinse in an
ultrasonic bath was used, where a small glass dish was filled with acetone and the
sample placed inside, which was placed in the ultrasonic bath for 30 seconds, removed
and the excess acetone discarded. This was then repeated with methanol, IPA and DI
water before being air dried. The sample could be placed for longer in the ultrasonic
bath, but this showed little improvement in the cleanliness of the sample, and affected
the structure itself. Figure 2.17 shows the underside of a sample with a cured cross
after too much cleaning in an ultrasonic bath. The edges of the structure can be seen
to lift off the sample, evidenced by the out of focus parts, shown here in white. The
under-etching is particularly visible at the top of the sample, on the right hand side.
To reduce this effect on the structures, 30 seconds was chosen for the duration in the

ultrasonic bath.

Figure 2.17: Micrograph showing the underside of a cured structure after cleaning. The
edges of the structure are starting to peel away.

2.4.3 Dosage Calculation

It is important to calculate the dosage of the photolithography system. This is covered

in more detail in Section 1.9, but the equation that was used for estimating the maximal
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dose in the centre of the moving photolithographic structures was given as [15]:

2P
B=_—— (2.1)

Where E is the dosage in Jm™2, P the illumination power, R the distance from the
centre of the photolithography source, and v the stage speed. Therefore, in order to
estimate the maximal dosage by the photolithography system, the size of the projected
#-LED spot, the speed of the stage, and the power of the curing u-LED all need to be
measured.

To measure the projected spot size of the u-LED, a sample with a previously known
size can be used as the basis. For this estimation, a reflective sample of size 300 pum
was used, originally a template for u-LED array manufacture. The exact metallic
composition of the reflective sample is unknown. A microscope image of the reflective
target used for the spatial calibration is shown in Figure 2.18. There are 8 circular,
reflective targets of diameters between 20-500 pum. All of the p-LEDs will then be
turned on and the reflective sample placed at the sample position. The amount of
u-LEDs that light up that can be seen using the visible sample with one of the larger
targets can then be used as an estimate of the projected spot size. A larger target is
used to get a better estimation of the pu-LED size. Figure 2.19 shows said reflective
sample with all the u-LEDs on, which can be seen on the centre-right of the image.
Nine pLEDs fit within the 300 pm reflective target, between the green lines, estimating

the spot size as 33.3 ym across.

Figure 2.18: Shows a microscope image of the entire reflective target used during spatial
calibration. The circular reflective targets are, anticlockwise from the bottom left, 500,
300, 200, 100, 80, 60, 40, and 20 pm in diameter, respectively.
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Figure 2.19: Shows the curing p~-LEDs on the 300 pym reflective target. The green lines
indicate the distance that was used to measure the 300 pm wide target: the target
outline can be seen within these lines.

To measure the stage speed, the time taken to move to move 7 projected spot sizes
was measured and repeated several times for accuracy. This averaged out at 3.4 seconds.
Given that the spot size is approximately 33.3 pm, this estimates the stage speed at
68 ums~'. This was done at the maximum stage speed value of 2000; reducing it had
an inconsistent response on the distance travelled and the speed recorded.

To measure the power of the curing u-LED, an optical power meter head was placed
at the sample position and the curing u-LED was turned on using the same conditions
(duty cycle and frame rate) as used during photo-curing. The Thorlabs S120VC power
meter head was connected to a Thorlabs PM100A power meter and the head was moved
until the maximal reading of the p-LED power was recorded, this being 7.8 uW.

Inserting these values into Equation 2.1 estimates the maximum dosage of the pho-

2

tolithography setup as 2200 Jm~2 or 220 mJem 2. The manufacturer for the photo-

resist does not make the curing data available to the public due to the resist’s intended
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use in a 3D printer.

2.4.4 Optical Profiler Data

An important aspect of characterising the photolithographic structures made is the
spatial profile of the cured structures, see Section 1.10.1. This not only confirms the
width of the structures, but also measures their height and shape. The results here will
present the height of the structures in the axis perpendicular to the stage movement,
and can show if the curing setup is misaligned, along with the relative over- or under-
curing of the photo-resist.

The profiles were taken using a Veeco NT1100 optical profiler, allowing accurate
measurement of the profile and the structure sizes using light as a non-invasive measur-
ing tool. Thanks go to Jack Smith of Strathclyde University for assistance in acquiring
these images.

Figure 2.20 shows the profile of the same sample as shown in Figure 2.15. The
sample and the profiler are aligned identically, so the structure on the far left is the
5 % duty cycle structure, going to the 100 % duty cycle structure on the right. This is
proof that as the dosage increases, so too does the width and height of the structures,
implying that over-curing results in over sized structures. The 50 and 100 % duty cycle
structures have similar height and widths, showing that the photo-resist was spun to a
height of 7 pm, and that the over-curing was approaching the maximal value at these
dosages. The additional bumps shown in the cross section profile are from dust, debris,
or droplets of unwashed photo-resist.

Figure 1.22 shows an image of the sample in Figure 2.12 in the optical profiler.
The structure is approximately 9 pm high, and the numbers on the image are the
measurement of the length of the cured lines, being 461 and 615 pum respectively. The
lines have similar height throughout, showing the uniformity of the curing dosage. This
is due to the stage speed being uniform during curing. Figure 1.22 measures the width
of the profiles as 25 and 29 pum, respectively, compared to the 34 pm estimated by
the imaging system, with Figure 2.21 showing where in the structures the profiles were

taken.
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Profile of the Duty Cycle Run

#ay fia
f o

|
A

) |
|

A
¥ j' | ..f"\l
o | IJ L »«.—.-\..J,\.-"\-'-"‘I '.A‘\-ﬂ-u"‘ =

i i
Y N RV . ¥ ',;'l,__,i,d L./
0 50 100 150 200 250 300 350 400 450 500
Distance (um)

Figure 2.20: Shows the height profile data of a cross section from Figure 2.15, showing
the height of each structure cured. The structures match the previous image, where
the 5 % duty cycle structure is on the left, going to the 100 % duty cycle structure on
the right.
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Figure 2.21: Indicates where the measurements took place on the strucutres cured in
Figure 2.12.
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2.4.5 Smaller Structures

In this section, efforts towards reducing the size of the cured structures are presented.
From Figure 2.15, it is known that having a lower dosage will result in the structures
being narrower, but this runs the risk of the structures not being fully cured. The
optics in the system can also be changed, either via the size of the curing u-LED or
via the lenses used. An obvious choice might be to change the microscope objective
lens (X10 in Figure 2.1), but this would result in having a smaller field of view. As one
of the advantages of this setup was the larger field of view in comparison to previous

work [15], this approach was not followed.

2.4.6 Lens change

The first option that was attempted was to change the lens in front of the curing u-
LED, to a lens that would result in a smaller projected pu-LED spot size. As only one
u-LED pixel is used for curing currently, this does not affect the field of view of curing,
provided that the lens is large enough to capture the diverging light of the curing u-
LED. A Thorlabs C240TME lens was chosen as it has a 20 % shorter focal length while
having the same 12 mm diameter of the lens previously used. This theoretically should
decrease the size of any cured structures by 20 % as well by reducing the size of the
projected p-LED spot.

An issue with changing the lens to have increased optical power is that of multiple
exposure. This is seen in Figure 2.22; one pu-LED was switched on, and one structure
was made with a visible inner section of width 15 pym. However, there was also a
wider surrounding section of width approximately 100pm. It is thought that the wider
structure is from the pu-LED being reflected off the bottom of the slide, with both
being of sufficient dosage to result in photocuring. However, when a smaller dosage
was attempted by reducing the duty cycle, no change was seen in the structure width.

There are a few reasons as to why this might not have worked. The original as-
sumption that the pu-LED power would not be affected by the change in lens might be
wrong and that the measured power at the sample level might have changed, either

from the change in lens or in the time since the original curing dosage was calculated.
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Figure 2.22: Shows a structure made with the shorter focal length lens in front of
the curing p-LED. While only one structure was cured, two separate sections of it are
visible: an inner section of width 15 pum and a wider surrounding section of width
approximately 100um.

More rigorous testing would need to occur to check this assumption, which might result
in changes in the duty cycle or the stage speed to get to the dosage level of 220 mJcm =2

seen previously.

2.4.7 CCD Camera Investigation

Figure 2.23 shows the same pu-LED output but with different integration time on the
CCD camera: 5 ms and 30 ms, respectively. As the integration time increases, so too
does the apparent spot size, from 5 ym to 12 um as the camera picks up more light.
This results from the camera having a non-linear response to light intensity from a
gamma correction, a non-linear response curve applied to the received light from the
CCD camera to make its output more comparable to human perception, being applied
to the images, but was unable to be turned off. As a result, it is important to normalise
the images, and look at the cross-section of the u-LED spots at the two integration
times. Figure 2.23 ¢) and d) are normalised versions of a) and b), respectively. The
normalisation was done by taking an average of all three CCD channels for each pixel to

create a greyscale image which was then divided by the peak value in part b). It can be
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Figure 2.23: Shows the difference that changing the integration time has on the mea-
sured spot size. Both pictures show the same p-LED, but for a), on an integration time
of 5 ms has been used, whereas for b), an integration time of 30 ms has been used. c)
and d) are normalised versions of a) and b), with the peak value of part b) used as a
normalisation factor.

seen that when normalised, the centre of part d) becomes more pronounced, allowing
a more direct comparison between it and part c¢), which look to be similar in size at
5 pm. However, the images were overly saturated and gamma corrected, the latter of
which was unable to be changed. As a result, it is impossible to make comparisons
between images, due to the gamma correction potentially changing between images. If
it were possible to change the settings to remove the gamma curve, it would mean that
the measured spot size of the LED would be easily determined.

However, this investigation has unanticipated consequences on the dosage calcula-
tion, given that the CCD camera was used in the earlier spot size estimation. If it is
not possible to accurately measure the spot size of a given p-LED using the camera, it
is reasonable to ask how it can be used in the dosage calculation given earlier in this
chapter. The answer lies in using the u-LED centre to centre pitch instead of the size of
an LED. Using the centre to centre pitch ensures that the nonlinear effects seen on the
camera can be discarded, as the central position of the LED should not change with the
CCD camera settings, until the point where two adjacent LEDs are indsitinguishable
from each other.

To help prove this, an intensity profile through the spots at both integration times
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is required, as is shown in Figure 2.24. This graphs the normalised CCD response as a
function of pixel position in the image. The Full Width Half Maximum (FWHM) can
be used as a measure of the spot size, and from 5 ms to 30 ms, it increases from 10 to
20 pixels across. This corresponds to a width of 18 and 36 pum, respectively. However,
the positions that were used to measure the FWHM for the 5 ms image correspond to
a similar jump in the 30 ms integration time image as well. This could be proof that
the 5ms image represents the correct spot size of the LED as being 18 pm.

Cross Section of the same LED at different CCD Camera acquisition times
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Figure 2.24: Showing the cross section of the normalised images in Figure 2.23.

2.4.8 Smaller u-LEDs

Another way to have smaller sized structures is to reduce the size of the projected u-
LED. By replacing the u-LED with a smaller one and keeping the rest of the optics the

same, theoretically there would be a smaller projected spot. An array with differently
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sized u-LEDs, centred around 405 nm, was made in house at the Institute of Photonics.
These ranged from 75 pm, roughly the same size as the ones used earlier, down to 8 um.

It was decided to use a p-LED that was 10 pm wide with a measured power of 240 nW.

Figure 2.25: Shows the 10 pym p-LED used in the attempt of curing.

A picture of the projected 10 um p-LED spot is shown in Figure 2.25, and is
estimated to be approximately 4 um wide at the sample plane. This device was chosen
due to its reasonable power at a significantly smaller mesa size. An example of the
projected spot used, alongside its immediate neighbour which was 6 pum across, is
shown in Figure 2.26. The latter has an estimated spot size of 2 pym. Figure 2.26 was

normalised to the same value as in Figure 2.23.

Figure 2.26: Images of projected spots of adjacent p-LEDs from the array of devices of
different diameters. These are of 6 and 10 ym mesa diameter, normalised to the peak
value in Figure 2.23 b.

As before, the intensity profile of the u-LED spots was determined to help ascertain
their size, and this can be seen in Figure 2.27. They show that the 10 ym LED had a
FWHM of 10 pixels, or 18 um, and the 6 pum LED had a FWHM of 6 pixels, or 11 pm.

Given that the two spots are visible and of different sizes, curing could now be
attempted, with the idea that the smaller pu-LEDs would result in smaller projected
spots. As only one p-LED is on at any time during the curing process, this allows
optimising the setup for the curing p-LED. With this setup, the dosage was estimated

at 56 mJcm ™2, lower than the dosage with the larger u-LEDs.
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Graph to show the Cross Sections of two different LED Sizes
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Figure 2.27: Shows the cross section through the centre of the u-LED projected spots
in Figure 2.26.

Because of the reduced dosage, it was decided to first increase the duty cycle of
the pu-LED to 100 %, compared to the 6.2 % used previously. This seemed to result in
no visible structures being cured, so it was decided to reduce the speed of the stage,
halving the value used each time, starting at 2000 (the maximum value). This also
did not result in visible structures, even at a stage speed of 10, close to stationary. A
structure where the stage is stationary might be possible to cure something visible, but
the point of this setup was that the stage would move to make structures with only
one curing p-LED.

Given that the stage speed, u-LED power and spot size are the only variables in
Equation 2.1, which were changed as much as possible to accommodate the u-LED
size, further steps in using this same setup for structures on the order of a micron are

uncertain. Ultimately, these findings highlight that changing the u-LED size alone may
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not provide the desired improvement in resolution and resist type and optics choice are

important factors.

2.5 Summary

In this chapter, a working visible light direct writing system using u-LEDs was dis-
cussed, which uses structured illumination for fluorescent markers for positioning. The
system was explained with reasons given for the main design choices made. The sample
preparation techniques were also shown, and the fluorescent markers and photo-resist
used were introduced.

The automated positioning algorithm was explained, from design choices made dur-
ing the algorithm construction to the showing results in the positioning, where two dif-
ferent rounds of alignment were required for successful positioning. Photolithography
using the setup was then discussed, and the structures used were shown in detail, with
the setup shown to be capable of curing both straight lines and smooth curves. The
curing itself was then optimised, with the dosage and width of the structures reliant on
the duty cycle of the curing u-LED; the latter signifying that there was some expansion
of the projected u-LED spot. Having a higher frame rate increased the smoothness of
the cured structures and so was kept as high as possible for further work. The post-
curing cleaning techniques were then outlined, with careful consideration given to the
potential frailty of the cured structures and the capability of the cleaning to uplift the
cured structures.

The dosage of the photolithography system was estimated at 220 mJem ™2, as de-
termined by measuring the power and projected spot size of the curing u-LED, along
with the speed of the XYZ stage. An ESEM image and optical profiler data were
taken on some of the structures taken to verify the structure sizes and height of the
cured structures. Smaller structures down to 10 ym wide were desired and curing was
attempted. Two methods were explored: having a collation lens with a shorter focal

length of the curing p-LED, and using a smaller pu-LED for curing.
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Deep Ultraviolet Direct Writing

Deep UltraViolet (DUV) is a region of the electromagnetic spectrum corresponding to
the wavelength range 200-280 nm [100]. Research utilising this region of the spectrum
is fast moving, especially in LEDs where emitters at this wavelength are starting to
be applied in areas such as disinfection [100] and communications [101], [102]. There
are already commercially available photo-resists that utilise DUV light, focussing on
248 nm, which is the wavelength of KrF excimer lasers, so adding DUV p-LEDs to
photolithography is a natural and timely application of this emerging technology. At
the time of this work being undertaken, DUV photolithography had yet to be reported
with p-LEDs, thus this thesis reports what were to our knowledge at the time, the
first structures cured with a DUV u-LED. Since then, [103] has reported direct writing
using a DUV p-LED array, albeit without CMOS control.

An advantage of using shorter wavelength light is that it can allow for smaller fea-
ture sizes compared to visible micro-photolithography such as is described in Chapter
2; from the Rayleigh Criterion, the smallest resolvable spot is dependent on the illumi-
nation wavelength [104], as shown in Equation 1.1. However, this requires the curing
wavelength to be the limiting factor in improving resolution, which is but one factor.
Another advantage of using DUV p-LEDs in our system is that they offer larger spec-
tral separation between the curing and positioning p-LEDs, allowing other wavelengths
of positioning p-LEDs to be used. Using a different wavelength of curing pu-LED also

allows other photo-resists to be used.
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In this Chapter, the setup that was used will be explained, along with the optical
and electrical characterisation of the DUV u-LEDs. A size-dependent array was used
to study the effects of the pu-LED mesa size on its electrical and optical characteristics.
Photo-curing at 275 nm was explored and the photolithography system itself was char-
acterised by looking at the spot size of each of the u-LEDs used and the subsequent
DUV dosage at the sample level. Finally, the cured photolithography structures that
were made with the setup are shown, their profiles and the effects on the structures of

applying Pulse Width Modulation (PWM) to the u-LEDs will also be explored.

3.1 DUV setup

Figure 3.1 a) shows the block diagram of the photolithography system used for DUV
photolithography, and a photograph of the setup is shown in Figure 3.1 b). In Figure 3.1
b), the camera is not in the system, but its position has still been noted. As a proof
of concept of DUV u-LED based photolithography, no positioning was done using this
system, in contrast to what was described in Chapters 2 and 4. As the general layout
had already been shown to work, no systematic changes were required for the setup
from the previously working system as described in Chapter 2. While the block diagram
setup is similar to that of the previous chapter, the parts were changed to allow for

DUV transmission. The parts that were used in this system were as follows:

e L1 -1” UV Fused Silica Plano-Convex Lens, focal length 250 mm, Thorlabs 4158

L2 - 17 UV Fused Silica Plano-Convex Lens, focal length 50.2 mm, Thorlabs
LA4148

L3 - 1/2” UV Fused Silica Aspheric Lens, Edmund Optics 87-976

e M - 2” UV-Enhanced Aluminium Mirror, Thorlabs PF20-03-F01

OL - x10 MicroSpot UV Focusing Objective, LMU-10X-UVB

PSU - Yokogawa GS610 Source Measure Unit
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Figure 3.1: Diagram and photograph of the setup used in DUV direct writing. The
camera is not in the photograph, but its placement in the setup has still been noted.
PSU is the Power Supply Unit.

The same borosilicate glass samples and XYZ stage were used as in Chapter 2. The
PSU was instrumental as voltage and current limits could be applied, protecting the
u-LEDs in the event of electrical failure or a faulty connection. The PSU can also
simultaneously measure both current and voltage to monitor normal operation of the

#-LEDs. These measures helped extend the pu-LED operating lifetime.
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The DUV p-LEDs that were used were custom fabricated in the Institute of Pho-
tonics [105]. They were fabricated on AlGaN-based wafers in a flip-chip configuration,
as described in Section 1.4.2. Standard UV lithography and inductively coupled plasma
etching processes defined the circular pixels, which then had layers of various materials

deposited upon them in an epi-structure as shown in Figure 3.2.

c-plane Alo, AiN buffer

AlGaN AIGaN-EBL & MQW

p-type AlGaN p-type GAN

n-type contact  P-type contact

Figure 3.2: Epitaxial structure of the DUV u-LED arrays used in this work.

A micrograph of a sample array is shown in Figure 3.3; the pu~-LEDs in the array have
the following diameter mesas: 500, 300, 200, 100, 80, 60, 40 and 20 um, respectively.
Figure 3.3 has two arrays, but only one was used in the experiments, being the one that
was wire bonded for contacting. The 200, 80, 60 and 40 pm p-LEDs from the array
were used, as the other u-LEDs were either inoperable or unsuitable for photo-curing,
either because their light output was not constant in time, or did not have an electrical
connection wired to it. This system lacks the CMOS control of the pu-LED arrays
used in Chapter 2 due to the high drive voltages that DUV u-LEDs currently require
(see below). The duty cycle is therefore controlled by the PSU. Recent developments
after the system in Figure 3.1 was made have allowed CMOS to drive DUV p-LEDs in
an array format [106], by optimising the contacting and reducing the ground voltage.
Future iterations of the work presented here should therefore be able to utilise CMOS

functionality.
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Figure 3.3: Micrograph of DUV p-LED arrays used in this work.

3.2 Device characterisation

Before the p-LEDs are used within the system, they need to be characterised. The
characterisations required for photolithography purposes were the IV and LI curves of
each pu-LED used, along with the emission spectrum of each py-LED. The LI and IV
curves are required to know the correct settings to safely get as much power as possible
out of the pu-LEDs. Emission spectra are required to be taken during system design
and assembly to ensure that the photo-resist will be absorb the u-LED light and cure

properly. For more information on characterising LEDs, see Section 1.5.
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3.2.1 1V curves

The IV curve was taken for each u-LED by increasing the voltage up in pre-determined
steps and recording the current measured by the PSU. The forward voltage at 1 mA
was measured by the PSU; this forward measurement result will here on be referred to
as the 'turn on’ voltage.

Figure 3.4 shows the IV curves for each of the u-LEDs used in this system, plus
others on the chip. In this Chapter, as opposed to Section 1.5.1 where the idea was
introduced, the turn on voltage for the DUV u-LEDs is defined as the voltage at which
at least 1 mA of current is recorded on the PSU. Table 3.1 summarises these data by
showing the size dependence of the turn on voltage of the devices. As the pu-LED mesa
gets bigger, the switch on voltage decreases; this happens because there is less parasitic

leakage current as the mesa gets larger [107].
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Figure 3.4: Graphs showing the IV curves of the LEDs used in this chapter.
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LED Mesa size (um) | Turn on voltage (V)
40 9.6
60 7.4
80 7.0
80 6.8
100 6.1
200 5.9
300 5.0

Table 3.1: Summarising the turn on voltage of the DUV p-LEDs used in this work.

3.2.2 LI curves

Figure 3.5: Photograph of the setup used for measuring the LI Curves.

The LI curve was taken in a similar manner to the IV curve, by stepping the current
and recording the output on an optical power meter; the setup is shown in Figure 3.5.
The PSU can be seen on the left of the image, and the p-LED array and the optical
power meter head seen in the middle of the image, with the optical power meter itself

shown on the right of the image. The p-LED board is immediately in front of the optical
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power meter head; this was done to get as much power as possible emitting from the
front of the u-LED array, to follow the Lambertian emission profile of u-LEDs. This
also gets a realistic idea of the front emitting power as used during photolithography,
compared to an integrating sphere measurement which would measure all of the y-LED
output, as in [108].

Figure 3.6 a) shows the LI curves for each of the u-LEDs used in the system, with
an inset (Figure 3.6 b)) to better show the region below 30 mA. The current that the
p-LED was run at during photolithography is noted in Table 3.2. As the p-LED mesa
size increases, so too does the current applied and output power. As we see in Figure
3.6, each curve has a linear section, which then climbs to a peak light output before

decreasing due to thermal effects; see section 1.5.1 for more information.

LED Mesa size (um) | Current (mA)
40 10
60 17
80 30
80 35
200 75
300 100

Table 3.2: Summarising the size dependence of the operating current used for pho-
tolithography.
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Figure 3.6: Graphs showing the LI curves of the LEDs used in this chapter (a) and
showcasing the region below 30 mA (b) of the setup used in DUV direct writing.
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3.2.3 Emission spectra

Spectrometer

Figure 3.7: Photograph of the setup used in taking the emission spectra of the DUV
LEDs.

The emission spectra were taken by operating each pu-LED at a current level near
the top of the linear section of the LI curves previously taken. For this, an Ocean Optics
QP600-2-SR-BX fibre with diameter 600m connected to an Avantes spectrometer with
spectral resolution of 0.3 nm was placed immediately in front of the y-LED array, as
shown in Figure 3.7. The spectrometer is designed to cover DUV, having a spectral
range from 200-1100 nm. On the left of the Figure are the u-LED array and the fibre
for the spectrometer, with the spectrometer itself in the middle of the image. Behind
it are the PSU and the laptop used to record the spectra.

Figure 3.8 shows a representative emission spectrum for the DUV p-LEDs used in
this work. Little difference was observed in the emission spectrum as the pu-LED mesa
size and drive changes, so the spectrum shown in Figure 3.8 is representative of the
u-LEDs used. The emission spectrum peaks at 275 nm with a full width half maximum

of 11.0 nm.
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Emission Spectrum of the LEDs
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Figure 3.8: Representative emission spectrum of the DUV p-LEDs used in this work.
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3.3 Photocuring at 275 nm

Photo-curing using the DUV u-LEDs used the same steps as outlined in Chapter 2,
namely to prepare the sample and apply the photo-resist with a spin coater before
curing with the u-LEDs. As no positioning is undertaken here, fluorescent markers are
not added; the photo-resist is simply spun on to the cleaned borosilicate glass substrate.
After curing, the uncured photo resist is washed off with a developer and the sample

is cleaned again before viewing.

3.3.1 Photo-resists

Alongside the Anycubic resin that was introduced in Chapter 2, a Norland Optical
adhesive (NOA-81) was also used here as a negative photo-resist. This was to show
that the system worked with multiple photo-resists, and it allowed exploration of a
range of photolithography conditions.

Figure 3.9 shows the transmission spectrum for the Norland optical adhesive. It is
described as being sensitive down to 320 nm, but was not originally designed for use

at 275 nm. However, it does have some absorption at this wavelength.

3.3.2 Sample preparation

The process for preparing the samples was similar to that described in Chapter 2;
however, there were some changes as described below. After cleaning the borosilicate
glass slide, two drops of HMDS (HexaMethylDiSilazane) were placed on the glass slide
to act as an adhesion promoter which was then spun on a spin-coater at 3200 rpm for
40 seconds. The photo-resist was then drop cast on the sample; for a 15x15 mm? slide,
6 drops evenly spaced around the sample were sufficient. The Anycubic resin was spun
at 3200 rpm for 20 seconds, and the Norland optical adhesive was spun at 8000 rpm
for 40 seconds. Care was required to ensure that the glass slide stays on the chuck of

the spin coater; the spin speed was slowly ramped up over 30 seconds to 8000 rpm.
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Absorbance spectrum of the Norland 81 optical cement
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Figure 3.9: Transmission spectrum for the Norland optical adhesive used as a photo-
resist [109)].

The HMDS was used because smaller u-LEDs result in smaller projected spots on
the sample and therefore smaller structures being made. These smaller structures may
not be structurally sound, especially when the photo-resist is under-cured. Therefore,
the increased adhesion allowed for the smaller structures to stay on the sample during
development after curing. This was used with both the Anycubic resin and the Norland
optical adhesive. With conventional photo-resists designed for spin coating, the HMDS
may not be required.

With the photo-resist applied, the sample was then cured using the y-LEDs. During
photo-curing, the XYZ translation stage operated at the maximal speed of 1 mms™*

After exposure, the samples were developed using toluene to remove any unexposed

photo-resist via gentle agitation for 30 seconds. The sample was left to air dry on

tweezers. Further cleaning by use of the triple rinse method detailed in Chapter 2 is

possible, but ran the risk of removing the small cured structures.
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3.4 Dosage calculations

As in Chapter 2, the curing dosage of the DUV u-LED based system needs to be
calculated. This is to ensure the correct dosage is available during curing (the 2 Jem =2
that the Norland requires) and allows examination of the experimental settings. It is
important to note that a surface area, not volume, is mentioned here. The spin coating
method results in an optical adhesive film a few microns thick, which would require a
smaller dosage than a thicker layer of photo-resist. As per Chapter 1, the dosage at
the centre of the structure is given by [15]:
2P

E = 1
wRv (3.1)

where E is the dosage energy, P is the yu-LED power, R is the spot radius, v is the
velocity of the sample. In order to take these measurements, three things need to be
known: the stage speed, the projected spot size and the power of each py-LED at the
sample level. The stage speed has been previously measured at 1 mms™! [18], and the
rest of this section will detail how the other measurements were made and their results,

noting how the different p-LED mesa sizes affect the characteristics measured.

3.4.1 Spot size measurements

The measurement of the projected spot size can be done in a few ways. The focussed
spot itself can be imaged with a camera, requiring a calibration at the sample level with
an object of a known size. Comparing the size of the focussed spot and that object
allows estimation of the spot size. Another method is to move the sample over a sharp
change in reflectivity or transmission, known as a knife edge measurement [110], [111].
Moving the sample a known distance over the knife edge and recording the change
in detected light intensity allows estimation of the spot size. Both methods will be

explored in this subsection.
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Figure 3.10: Apparent spot size of the 200 pum DUV pu-LED as shown with the BBEHP-
PPV polymer. This spot size is approximately 450 pm wide.

Direct spot size imaging

Taking a direct image of DUV u-LED light is difficult due to its wavelength; detectors
that can measure these wavelengths of light are often expensive, with the CCD camera
used in Chapter 2 being unresponsive at this wavelength. It was therefore decided to
take an image of the DUV light exciting a spot on a glass slide coated with a fluorescent,
green-emitting polymer, BBEHP-PPV (poly(2,5-bis(2,5-bis(2-ethylhexyloxy)phenyl)-
p-phenylenevinylene)). For more information on how the BBEHP-PPV was synthe-
sised, please see [112]. The BBEHP-PPV was dissolved in chlorobenzene and spun at
4000 rpm for 45 s. The fluorescence showed a broad spectrum between 475-550 nm,
thus it should be easily visible with the CCD camera.

The smallest spot imaged by the camera using the 200 ym p-LED is shown in
Figure 3.10. The Full Width Half Maximum of this spot is approximately 450 pym in
diameter. Given that the projected u-LED image is focussed by a 10X microscope
objective, the excitation is over a wider area than what would be expected for the u-
LED. This could be due to the fact that the film acts as a waveguide for the fluorescence
and scatters the light in the film, making the large spot shown in Figure 3.10. This

makes the polymer approach look unsuitable for measuring the projected spot size.
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Knife edge tests

To do the Knife Edge Test (KET), a glass slide was spray painted with matte black
paint and left to air dry in a well ventilated area. After drying, it was placed at the
sample position, with a white piece of paper placed under it, to act as the knife edge
in reflectivity; the roughness of the edge made is the roughness of the edge of the piece
of paper used.

During the KET, the stage was moved 1 pym at a time via the translation stage,
with a spectrometer in place of the CCD camera used to detect the DUV light. The
projected u-LED spot is focussed on the white paper and is then moved over the knife
edge into the black matte painted slide. By measuring the response at 415 nm while
moving the stage, a plot can be made of the spectrometer response with distance. The
distance measured between 90 % and 10 % of the maximal spectrometer response is
classified as the measured spot size [111]. This does not measure the DUV spot size
directly, but again relies on the fluorescence that occurs when the DUV light excites
the paper.

Figure 3.11 shows the plots from the Knife Edge tests, with the response channel
of 415 nm on the spectrometer. Both 80 ym u-LEDs had the same KET data, so one
plot covers both p-LEDs. For each plot, the measured spot size is noted in the caption,
with the size dependence of the u-LED mesa size on the spot size tabulated in Table
3.3. It can be seen that as the mesa size increases, so too does the recorded spot size,
with the smallest spot size recorded as 8.5 ym. It can be seen that the demagnification
of the system is slightly different for the 200 ym p-LED when compared to the rest:
it had a demagnification factor of 6.4 compared to the rest of the pu-LEDs, which had
demagnification factors between 4.5 and 4.7. This discrepancy in the demagnification
factors can have numerous causes, but it is believed that it comes from the fact that
not all of the 200 um p-LED was properly coupled into the system, thus cutting off
part of the LED and making the spot seem smaller than it actually is.

Figure 3.11 showcases a variety of Signal to Noise Ratio (SNR) values for each of
the p-LEDs, and potentially would be the result of different spectrometer values used

between p-LEDs. For future work, it would be prudent to use a long enough detection

98



Chapter 3. Deep Ultraviolet Direct Writing
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Figure 3.11: Knife edge test data of the pm-LEDs used. The spot sizes are estimated

as 8.5, 13.4, 17.7, and 31.1 pm for the 40, 60, 80 and 200 um p-LEDs, for a), b), c)
and d) respectively.
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LED Mesa size (um) | Measured p-LED projected spot size (pm)
40 8.5 +4
60 134+ 4
80 177+ 4
200 31.1 £8

Table 3.3: Summary of the measured spot sizes of the DUV p-LEDs.

window to allow for a large enough signal with the smallest, 40 ym, p-LED and used
those settings for each LED and take. However, the graphs shown in Figure 3.11 are
just one of several takes that were used in the estimation of the spot sizes for each
u-LED. As each sub-figure of Figure 3.11 has the signature drop, the knife edge has
moved sufficiently. However, for sub-figures a) and c¢), it would prove useful to move
the knife edge further back after doing this particular test and retake these data so

that the drop is more central in the plot, like in sub-figure d).

3.4.2 Power measurement

To measure the projected u-LED power, as per Chapter 2, an optical power meter head
(Thorlabs S120VC) is placed where the sample would be during photo-curing, set to
275 nm wavelength and zeroed. The p-LED is then turned on, using the operating
current mentioned in Section 3.2.2 for each u-LED, and the maximal power is found
by moving the power meter head in the xy plane. The results are tabulated below in
Table 3.4 for each pu-LED used; as the u-LED mesa increases in size, the output power

increases, compared to Figure 3.6.

LED Mesa size (um) | Measured pu-LED power (uW) | Power Density (W/cm?)
40 0.86 0.38
60 1.59 0.28
80 2.60 0.26
80 7.50 0.76
200 26.7 0.88

Table 3.4: Summary of the measured power of the DUV p-LEDs.

100



Chapter 3. Deep Ultraviolet Direct Writing

3.4.3 Dosage calculation

With the p-LED power and the spot size estimated, the curing dosage for each u-LED
was then calculated using equation 3.1. The results are summarised in Table 3.5. Here,
v in Equation 3.1 was 1073 ms™!, the fastest speed afforded by the stage. It was seen
that as the u-LED mesa size increases, so too does the dosage; the increase in power
output by the p-LED far outstrips the size increase. This was partially because the stage
speed was kept the same between the different size u-LEDs. To keep the illumination
time the same between u-LEDs, the stage speed would need to be increased along with
the mesa size. However, the stage was already at its maximum speed and cannot be
increased further. Therefore, the larger u-LEDs had a longer illumination time on the
photo-resist and therefore a larger dosage. Compared to other u-LED based photo-
lithography systems [113][4][92], this system afforded a higher dosage per u-LED pixel.
The dosages measured here are far higher than the 2 Jem~2 that is recommended for

the Norland optical adhesive, and details on the Anycubic resin used are not available.

. Measured Spot | Measured pu-LED | Maximum Dosage
LED Mesa size (ym) size (pum) power (W) (Jm=2)
40 8.5 0.86 91
60 13.4 1.59 106
80 17.7 2.60 132
80 17.7 7.50 381
200 31.1 26.70 755

Table 3.5: Summarising the dosage data for the DUV u-LEDs used.

3.5 Direct writing structures

This section shows the structures that were made from direct writing in both the
Anycubic and Norland photo-resist. Figure 3.12 was taken using the Anycubic UV
resin introduced in Chapter 2; the rest of the figures in this section were taken with
the NOA-81 due to it being more responsive when operated with a lower curing u-LED
duty cycle. Combined with the results from Chapter 2, it is believed that the Anycubic

resin can only make structures 20 pm in width or wider. To begin with, the photo-resist
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Figure 3.12: Anycubic structures made with the 200 um-LED with 100 % duty cycle.

was cured with a curing p-LED duty cycle of 100 %, the percentage of the time that
the curing p~-LED is on for during the curing process, the results of which can be seen
in Figure 3.12. These images were taken using the 200 gym p-LED, which is much larger
than the projected spot size of 31 um measured, meaning that a duty cycle of 100 %

over-cures the structures, resulting in the large structures shown in Figure 3.12.

3.5.1 Pulse width modulation

Given how much larger the structures made in Figure 3.12 were compared to what was
expected, PWM was used with the pu-LEDs to reduce the duty cycle during curing.
As explained in the Chapter 2, the duty cycle is directly proportional to the structure
width; structure sizes on the order of 5 ym are the goal of the system.

Here, the PSU was set to 50 ms periods to allow duty cycles down to 0.2 % with
100 ps pulses, the shortest pulse time offered by the PSU. A blob of resist cured for a

minute was used to orientate the sample when viewing and then duty cycles of 100, 50,
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30, 20, 15, 10, 5, and 3 % respectively were used for all the u-LEDs.

Micrographs showing structures made from NOAS&1 with duty cycled exposure are
shown in Figure 3.13. In each of these images, the largest structure seen is the structure
made from using a 100 % duty cycle, and from there, the duty cycle used is 50, 30, 20,
15, 10, 5, and 3 % respectively. For Figure 3.13 a), c¢), and d), this is from right to left,

and for Figure 3.13 b), this sequence is from left to right.

103



Chapter 3. Deep Ultraviolet Direct Writing

Figure 3.13: Duty cycle runs using the a) 200, b) 80, ¢) 60, and d) 40 pm DUV u-
LEDs, respectively, with the Norland optjgal adhesive 81. The x and y axes that are
used throughout this section are indicated in the image using the 40 pym LED. The
duty cycle used for these Figures are 100, 50, 30, 20, 15, 10, 5, and 3 %. In b), the
30 % duty cycle structure is cured twice.
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Table 3.6 shows the width of all the structures made by each duty cycle value of
the 40 pm p-LED. As the duty cycle decreases, so too does the width of the cured
structures; this is because areas outwith the smallest projected spot will not be cured
with a high enough curing dosage, resulting in thinner structures. As the size of the
u-LED decreases, so too does the size of the projected pu-LED spot on the sample
and therefore the resulting structures. The smaller projected spot sizes from Table 3.3
with a smaller u-LED mesa size will also result in smaller cured structures. For these
reasons, only the 40 pm p-LED, with duty cycles of 2 and 1.6 % were used to achieve
the smallest structures, to the point where structures stopped being fully cured, as
shown in Figure 3.14. It appears to be the case that the 1.6 % duty cycle structure

has peeled away slightly from the glass slide and has little uniformity, due to it being

under-cured.

Duty cycle (%) | Measured structure width (£0.4pm)
100 26.1
50 17.8
30 17.8
20 15.6
15 13.6
10 11.1
6 7.8
3 5.8
2 5.7
1.6 2.8

Table 3.6: Summary of the change in Norland optical adhesive structure size via pulse
width modulation of the 40 ym DUV u-LED.

3.5.2 Resist structure profiles

An important characteristic, along with the width of the cured structures, is their
profile, as introduced in Chapter 2. The structure profile displays the height and
uniformity of the cured structure, and is here measured perpendicularly and parallel
to the movement of the stage. When doing this, lines were cured to see easily how

the uniformity is affected by whether or not the curing is perpendicular (from here on
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Figure 3.14: Micrograph of the smallest Norland optical adhesive structures made with
the 40 pm DUV u-LED, using duty cycles of 2 and 1.6 %, from right to left.

referred to as the x-axis) or parallel (referred to as the y-axis) to the stage movement.
Figure 3.13 d), for example shows the axes as applied to the duty cycle run with
the 40 um p-LED. Looking at the x-axis shows how uniform the curing p-LED is,
while looking at the y-axis tells us how uniform the stage speed is. If there is little
uniformity in the x-axis, that can signify issues within the photolithography system; for
example, that the p-LED is misaligned. NOA-81 was used throughout this section as
the photoresist. The profiles were taken using the same tool as in Chapter 2, a Veeco

NT1100 optical profiler.
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Figure 3.15: Profiles in the x-axis for some of the structures shown in this chapter. a)
is for Figure 3.13 d), and b) is for Figure 3.14.
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Graph Showing the y Profile of the smallest intact structure
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Figure 3.16: Height uniformity profile along the thicker stripe structure, on the right
hand side of Figure 3.14.

Figures 3.15 and 3.16 show the profiles of the structures made by the 40 pm p-LED.
In Figure 3.15 a), the sample is upside down compared to Figure 3.13 d), hence the
profile and picture being inverted. Figures 3.15 b) and 3.16 correspond to Figure 3.14,
the smallest structures that were made.

All the x-axis profiles show a steep side wall edge, but this not related to the relative
sharpness of the curing pu-LED projected spots. The side walls scatter light out of the
side of the structures, instead of reflecting from the top. The optical profiler measures
no light from the side scattered light and thus makes no measurement, giving the
illusion of an incredibly sharp side wall.

In Figure 3.15 b), the double spike in profiler response at the centre of the structures
has a few potential root causes: the pu-LED focus may not be perfect, or the u-LED
emission may be more powerful at the edges of the u-LED compared to the centre.
The relative non-uniformity in the background level of Figure 3.15 b) is potentially due

to the profiler picking up smudges or droplets on the sample, rather than the cured
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structures.

In Figure 3.16, the relative non-uniformity in the y-axis is likely to stem from the
stage not moving at a steady speed during the curing process. The taller section at
approximately 20 pym along is attributed to the u-LED being on for a longer period at
the end of curing, over-curing the optical adhesive. Again, the hard edges seen on this
structure are because of the light being scattered away from the profiler, as with the
x-axis profiles. Comparing the background level to the x-axis profile in Figure 3.15 b),

the background level is relatively stable.

3.6 Conclusions

In this chapter, a deep ultraviolet direct writing photolithography system using p-LEDs
was discussed. The changes to the setup from the previous chapter were shown, in-
cluding the DUV p-LEDs used and the changes in optics. The DUV p-LEDs were
characterised, focussing on the LIV curves and emission spectra. The turn on current
used during photolithography and measured power increased with p-LED mesa size,
while the turn on voltage decreased with increasing mesa size. The photolithography
setup was characterised by undertaking a dosage calculation; this was done by measur-
ing the u-LED projected spot size and the curing power at the sample position. The
changes in sample preparation from the visible violet u-LEDs were explained, namely
the addition of the HMDS to the cleaned borosilicate glass slide to aid in structure
adhesion.

The results of the photolithography using the u-LEDs themselves were then shown,
focussing on shapes of squares and lines. The Anycubic photo-resist used in Chapter 2
was found to be unsuitable for use with the DUV light, requiring a different photo-
resist to be used, namely NOAS81. The initial structures written were much larger than
anticipated, requiring Pulse width Modulation (PWM) to reduce the curing dosage
applied to the structures to a few %. The effect of the reduced curing dosage via
PWM was explored and it was shown that by reducing the duty cycle, the structures
became thinner as well, with the thinnest structures being 2.8 pm wide, with a 1.6 %

duty cycle. This is smaller than what was possible with the visible p-LEDs, which is
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partially due to the physical size of the u-LEDs used being smaller than in Chapter
2. Given that the same stage speed was used between curing at both wavelengths, the
curing time was the same as well. However, this comes at the expense of having a
lower curing dosage: compared to the dosage of 220 mJem ™2 achieved with the visible
photolithography, the smallest DUV u-LED was only capable of 9.1 mJem™2. Finally,
the profiles of the structures were explored with an optical profiler, which showed that
the structures were adequately uniform perpendicular to the stage movement, but not

parallel to the stage movement, resulting in uneven structure height.
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Hyperspectral Single Pixel

Imaging

Chapter 2 deployed positioning through structured illumination by a u-LED array in a
direct writing system, using an RGB camera as the detector. However, the system did
not demonstrate an actual advantage over traditional RGB camera vision with flood
illumination. In this Chapter, hyperspectral alignment capability in a direct writing
system is demonstrated with 0.3 nm spectral resolution and a 16x16 spatial grid using
2048 spectral windows with a 20 pm resolution. The 16x16x2048 hyperspectral data
cube was generated using structured illumination from a GaN p-LED array, confocal
with the photolithographic curing source, which in this case is a single y-LED.
Spectral information was obtained through a single-pixel camera technique using
a fibre-coupled spectrometer as detector, called Hyperspectral Single Pixel Imaging
(HSPI). Compressive sensing is used to determine the position of fluorescent markers
within the field of view within only 32 measurements, i.e. reducing the hyperspectral
dataset required for positioning by a factor of eight to 32x2048. Different fluorescent
markers were identified through hyperspectral analysis methods such as spectral filter-
ing, spectral fitting, and principal component analysis (PCA). The functionality of the
system is demonstrated via the example of two different red fluorescent markers which
can only be distinguished through detailed spectral information. The contents of this

Chapter have been published in [114].
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4.1 Illumination pattern sequence used

As discussed in Chapter 1, when undertaking Single Pixel Imaging (SPI), it is important
to consider the patterns that are being sent. There are multiple pattern types to choose
from for the spatial and temporal resolution required in SPI. The simplest of these is
a raster scan, where each element in the illumination array is lit up sequentially. By
measuring the response from each element, a frame can be made by multiplying the
measured response by the sent pattern. In this raster example, the sent patterns are
arrays of zeros other than a single 1 where the u-LED is on. The frames are then
summed to get a final image.

The Hadamard pattern sequence, as originally described in Section 1.11.5, is suitable
for HSPI as it has half of the p-LEDs illuminated in any one Hadamard pattern,
compared to the raster scan, which uses a single LED in each pattern, while also
being orthogonal to the next pattern. Another pattern set, the Moving Bars pattern
sequence, again described in Section 1.11.5, can also fulfil most of these criteria [76]
[71], with a similar proportion of the y-LEDs on at any one time. While not all of
the patterns are orthogonal to each other, the other criteria are fulfilled. However, the
output of this approach lacks rotational symmetry, making it less suitable for human
scale positioning. The Moving Bar patterns are shown in Figure 4.1. Data taken using
this pattern sequence is compressively sensed, with 32 patterns used for positioning

rather than the 256 required with a raster scan.

4.2 Experimental Setup for hyperspectral alignment and

direct writing

Adding the hyperspectral imaging capability to the system from Chapter 2 requires
a change to the experimental system. Figure 4.2 shows the experimental setup used,
with the same GaN u-LED arrays, mirrors, and lenses as in Chapter 2.

The detection system is significantly different from Chapter 2, however. An air
spaced doublet collimator lens (CL in Figure 4.2: F810SMA-543, £/1.9) focuses the

microscope image into an optical fibre, (Ocean Insight QP600-2-SR-BX) linked to a
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Figure 4.1: The moving bars patterns used in this Chapter.
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Figure 4.2: Schematic diagram of the experimental setup.
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Normalised marker spectra

1 T T L) T T T T
T
r_"‘ “'\ ,,"* Quantum Dots
0.9r | 1) Micro-Beads | T
T
08 | Iis \ b
1 / |
So7l -' 1 ]
< 07 o
= I". 1
‘B 06 [ | \ i
c f | 3
8 / f ' \
Eo05¢ /N \ 1
- | [} Y \
| / | My

2 041 ' 4 .
© | \ \
E 1'| "\.J
o 03 \ " -
= ! \ A"“».,,“‘

02} \\ i

A ‘I\\_
01F 4 / \\\ 4
0 I e L L L T g

500 520 540 560 580 600 620 640 660 680 70O
Wavelength (nm)

Figure 4.3: Normalised marker spectra for the two types of markers.

spectrometer (Avantes Starline Avaspec 2048-L, spectral resolution 0.3 nm), which is
used as the single pixel hyperspectral detector. The collimator lens is vital to increase
the Field of View (FoV) of the spectrometer; the full width half maximum of the u-LED
array brightness, used as a measure of the FoV, increases from two projected pu-LED
pixels without the collimator lens to ten projected pixels with it, or to about 400 pm

in diameter, roughly matching the dimension of the 450 nm array.

4.2.1 Fluorescent Markers

The markers used in this work are dyed polyethylene micro-beads (Cospheric fluorescent
red polyethylene microbeads, 10-22 pm in diameter), as used in Chapter 2, and Cd-
Se Quantum Dot (QD) clusters, suspended in water. For hyperspectral alignment,
the marker types must be spectrally distinct from each other. Figure 4.3 shows the
normalised spectra for the respective markers, which shows that they are spectrally

distinct.
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Borosilicate glass slides are used as a substrate during positioning and photo-curing.
To have both marker types within the FoV of the fibre, the QDs are drop cast onto
a slide, which is then spin-coated at 3200 rpm for 20 s. If a higher concentration of
QD clusters is required, they can be left to dry at room temperature to evaporate the
water off after drop casting, instead of spin-coating. The microbeads are then added
to a small amount of the photoresist used in Chapter 2 at a ratio of 1.5 mg/ul, which
is drop cast again on top of the QDs and spin-coated at 3200 rpm for 20 s. This
randomly distributes the markers throughout the sample, so it is not possible to ensure
the position of the markers, or to determine if a sample has a suitable area for the

alignment procedure before examination of the sample.

4.3 Hyperspectral Alignment Procedure

The procedure of aligning the writing tool to the position of the fluorescent mark-
ers is schematically illustrated in Figure 4.4. The positioning u-LED array displays
a time-sequence of spatial illumination patterns, which result in a unique Temporally
Modulated Illumination (TMI) at the position of the marker. Here, the same moving
bars pattern sequence as in Chapter 2 was used because it provides a good trade-off
between the number of patterns required and resilience against noise in the received
signal. In the case of the 16x16 pu-LED array used in this work, this results in 32 po-
sitioning patterns, augmented by 2 pilot patterns for synchronisation. Spectra were
recorded at triple the pattern update rate, thus allowing a comfortable margin to the
Nyquist sampling limit, which requires that the spectra are recorded at double the pat-
tern update rate. Subsequent synchronisation to the pilot patterns enabled extraction
of a hyperspectral dataset of 1 spectrum per illumination pattern, i.e. 32 spectra in
the case of the moving bars sequence.

This hyperspectral dataset may still contain a dynamic background, consisting
of the long-wavelength tail of LED emission that was coupled into the spectrometer
through diffuse and/or specular reflection on the sample. Therefore, an optional dy-
namic background subtraction method was implemented. The spectrum of the dynamic

background was estimated by measuring the LED spectrum separately, and then using
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Figure 4.4: Flow diagram of the alignment procedure.
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the short-wavelength tail of the LED component in the hyperspectral data to scale
the LED spectrum amplitude for each pattern and then subtract it from the spectrum
corresponding to that pattern.

After this calibration step, a range of hyperspectral analysis methods is available
to extract the Temporally Modulated Fluorescence (TMF) of the marker from the
hyperspectral data. In this work spectral filtering, spectral fitting, and PCA were used,
each of which is discussed in detail below. The possibility of distinguishing markers
will depend on the signal to noise ratio (SNR) of the TMF, and the magnitude of
the differences between the emission spectra of the two markers. Therefore, the best
possible results are achieved with markers that have similar emission intensity. The
TMF should follow the TMI at the marker location, and since each grid site in the 16x 16
array grid has a unique fingerprint TMI, the grid site coordinates can directly be found
by fingerprint-matching the TMF to the corresponding TMI. The position was then fed
into a proportional-integral-derivative (PID) controller of the sample translation stage
to move the marker to a desired position. Once that position was reached, there was an
additional round of marker positioning to ensure the marker was in the correct place

before the direct-writing photolithography process was started.

4.3.1 Spectral Filtering

The simplest method for TMF extraction is to sum the intensities of all wavelength
channels within a pre-defined wavelength region matching the peak emission of the
markers. For samples containing only micro-beads, a wavelength window of 580 nm to
605 nm was used. For samples containing both types of markers, two spectral windows
at 575 nm and 610 nm were used, c.f. Figure 4.3. Further investigation is possible
to further refine these windows, and would be dependent on the exact shape of the
fluorescence spectra and the SNR of each signal.

Due to its simplicity, this technique was utilised for in-situ automated alignment
work done in this chapter. While this method is simple, it is unable to separate the
spectral overlap between two spectra; therefore, each marker used must have its own

separate spectrum. If the two markers have a significant overlap, then simple spectral
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filtering may have significant cross-talk and other methods such as spectral fitting or

PCA may be advantageous.

4.3.2 Spectral Fitting

Each spectrum of the hyperspectral dataset can be fitted as a superposition of back-
ground components and signal components. Here, a linear background was used, with
two different representations of the signal component. The first option was to use the
known fluorescence spectra shown in Figure 4.3, and the second option was fitting a
Gaussian peak. In both cases, the amplitude obtained through the fit was then the
resulting TMF value. Spectral fitting was performed within the the wavelength range
between 550 nm and 650 nm. In this Chapter, this technique was done on data after

the experiments were undertaken.

4.3.3 Principal Component Analysis (PCA)

If a signal is made up of one or more components, it can be possible to deconstruct
the signal into its constituent parts. In anticipation of 2-4 meaningful spectral compo-
nents, PCA was performed following the method described in [115] with 10 principal
components (PCs). This technique splits a received signal into 10 separate, orthogonal
channels. It was expected that three meaningful PCs would be received, one from the
tail-end of the p-LED illumination, and one from each marker type. It was found that
three components were significant, with the remaining 7 components displaying noise.
Two of the significant PCs were associated mainly with LED emission, and one was
mainly associated with fluorescence from the target. Figure 4.5 shows the spectra of
the three meaningful PCs. PC3 resembles the anticipated fluorescence spectrum best,
and the eigenimage of PC3 was used as the TMF for position determination; it seems
to be a mixture of both types of markers, as both of their spectral peaks are visible in
its spectrum. Due to its computational complexity, this technique was not used in-situ

with the automated alignment system.
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Figure 4.5: Spectra of principal components.

4.4 Positioning Results

A key step that goes beyond Chapter 2 is the extraction of the TMF from hyperspectral
data. To evaluate this process, a sample with fluorescent microbeads was prepared and
a microbead was put close to the centre of the field of view. For reference, a 16x16x2048
hyperspectral data cube is generated by raster scanning. Figure 4.6(a) shows this raster
scan, spectrally filtered for wavelengths 580-605 nm. The position of the microbead at
grid site (7,8) can clearly be identified, and the fingerprint TMI at this location is shown
in Figure 4.6(b). The performances of the different hyperspectral TMF extraction
methods was then demonstrated by using the fingerprint TMI as ground truth for
comparison.

In Figure 4.6, the TMI and TMF's are plotted as a temporal sequence, where the
z-axis corresponds to the pattern number in the temporal sequence of illumination pat-
terns. All data points are part of a single sequence of TMI/TMF values; however, they

have been visually grouped to aid identification of key features within the TMI/TMF.
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Figure 4.6: TMF of a micro-bead close to the center of the field of view at position
(7,8). (a) Raster scan for reference, (b) ground truth for TMI at position (7,8), (c)-
(f) experimentally measured TMF. The experimental TMFs were extracted from the
hyperspectral data by (c) spectral filtering, (d) fitting with known micro-bead fluores-
cence spectrum, (e) fitting with a Gaussian peak, and (f) PCA.
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The pattern sequence uses differential signalling, and the TMI/TMF values for each
inverse pattern pair are connected through a straight line (either solid or dotted). Im-
portantly, the position information is given by the sign of the gradient of these lines.

The pattern sequence contains patterns for vertical alignment (corresponding differ-
ential pattern pairs shown by blue circle markers and orange solid lines), and horizontal
alignment (corresponding differential pattern pairs shown by magenta square markers
and green dashed lines). As each pattern in Figure 4.6 is illuminated upon the sample,
there will be a response from the sample at the wavelength channels monitored. Fig-
ure 4.6 (b) shows the idealised version of the response expected to be seen for a marker
at the grid site (7,8) found by the raster scan in Figure 4.6 (a), from which the perfor-
mances of the different hyperspectral TMF extraction methods were demonstrated by
using the fingerprint TMI as a ground truth for comparison.

The TMF's extracted by each method are shown in Figure 4.6(c)—(f). All methods
TMFs identify the marker position correctly, i.e. the differential pattern pairs have
the same gradient sign as the ground truth. The different methods are also broadly
consistent with each other with respect to the relative magnitude of the individual
differential transitions. The last horizontal pattern pair has a poor SNR compared to
the other pattern pairs, which is potentially a sign of the marker being close to the
boundary of the two grid sites, leading to optical cross-talk. This shows the power of
the positioning capability, because as long as the system is within the projected u-LED
array, accurate positioning is possible. Given the overall similar performance of the
different methods, spectral filtering was subsequently used in the application of the
method to direct writing.

It is important to note that these data were taken with one marker of each type
(QD cluster and micro-bead) in the FoV of the positioning p-LED array. It is possible
to detect whether or not there is more than one of each marker type, but this will lead
to ambiguities in the reported position. With n identical markers within the FoV of
the positioning u-LED array, there will be n? possible marker positions from the initial
moving-bars positioning sequence. To reduce these to the n actual positions of the

identical markers, additional patterns are needed to be added to the sequence, with at
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most n? — n additional patterns required.

Data with and without dynamic background subtraction were both tested. Overall,
the observed difference was small in most cases except for PCA. Dynamic background
subtraction provided a small benefit when spectral fitting with a known spectrum.
In this case, fitting without dynamic background subtraction mis-identified the last
differential pattern pair and thus resulted in a positioning error of one grid site, which
would have been picked up by the extra positioning round if the marker was moved to
this position. For PCA, results were consistently better without dynamic background
subtraction, and in some cases significant positioning errors were observed when using
dynamic background subtraction together with PCA, and was therefore not used with
the PCA technique.

It is believed that dynamic background subtraction can help enhance the significance
of the fluorescent peak in a narrow spectral window relevant to filtering and fitting, but
it may induce additional complexity to the overall spectral composition of the signal
across the entire spectral range and thus have a detrimental effect on PCA.

The data shown in Figure 4.6 were obtained with dynamic background subtrac-
tion for all methods except for the PCA result, which was obtained without dynamic

background subtraction.

4.5 Application to Direct Writing

In order to demonstrate an advantage over conventional camera-based positioning, a
sample was prepared that contained both colloidal QD clusters and fluorescent mi-
crobeads. To an RGB camera, both markers are indistinguishable as fluorescence is
mostly seen in the red channel. Hyperspectral analysis enables appropriate identifica-
tion of each marker.

After sample preparation following the procedure described above in section 4.2.1,
an area was selected that had one QD cluster and one micro-bead in the FoV of the
structured light positioning grid. By spectral filtering for a narrow wavelength range

near the fluorescence peaks in Figure 4.3, TMF's were first obtained for the QD cluster
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Figure 4.7: Micrograph of photoresist patterns aligned with fluorescent markers. A
cross pattern is aligned with a colloidal quantum dot cluster and a spiral pattern is
aligned with a fluorescent microbead. The cross is very much overexposed.

and after automatic alignment following the procedure in Figure 4.4, a cross-shaped
pattern was exposed centred around the QD cluster. Then TMFs were first obtained
for the microbead and after automatic alignment, a spiral-shaped pattern was exposed
aligned to the QD cluster. Afterwards, the photoresist was developed.

Initial results are shown in Figure 4.7. While the markers are close enough to have
been within the FoV of the blue positioning u-LED array, this showcases a potential
issue if the curing LED is left on for too long during the curing process, overexposing
the photoresist.

Representative results without overexposure are shown in Figure 4.8. The structure
on the left, with the Quantum Dot cluster used as the marker, required two sets of
positioning to cure, therefore making this technique suitable for multi-step processing.
This requires the marker to be within the FoV of the positioning LED array after the
first round of positioning for multi-step processing, done by returning the marker to

the starting position of the first photolithography step. The structure on the right,
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Figure 4.8: Micrograph of photoresist patterns aligned with fluorescent markers. A
cross pattern is aligned with a colloidal quantum dot cluster and a spiral pattern is
aligned with a fluorescent microbead.

using the micro-bead as the marker, shows that writing curved structures is possible
with this setup.

The positioning accuracy of 20 um achieved here and in Chapter 2 is suitable for
general micro-scale photolithography applications, but a higher degree of precision can
be required. For example, when trying to photo-cure structures with a fluorescent
marker at the centre, the position of the curing pu-LED can be 10 pm away from the
centre of the marker. Therefore, to be used for a fully autonomous p-LED based micro-
photolithography system, either smaller projected pixel sizes, which will reduce the
FoV of the system, or sub-pixel positioning are required, which would allow positioning
within a pixel’s projected space, with the aim of having a higher positioning accuracy
with the same p-LED array.

There is scope for improvement in resolution using this technique. The p-LED
array used in this work was designed as a multi-purpose device and not optimised for
minimal pixel pitch. There have been significant efforts in commercial research and
development of u-LED arrays for display applications, and pixel pitches of 3-10 um
have been reported [116, 117]. Using the same 4:1 demagnification as in this thesis,
such arrays will enable a positioning precision on the order of 1 pm. Similarly small u-

LEDs or lasers can be used for curing to achieve a feature size matched to the precision
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of the positioning method.

4.6 Conclusion

This Chapter discussed Hyperspectral Single Pixel Imaging (HSPI). The patterns that
were sent for the Single Pixel Imaging (SPI) were shown and how this can be done
with a 16x16 blue LED array. The ability of SPI for positioning and imaging was
discussed, and ability to do spectral imaging by looking at different wavelengths when
imaging to reveal new information. An exploration of the errors involved was made.
The HSPI imaging system was then incorporated into the p-LED based Direct Writing
system outlined in Chapter 2. The positions and identity of markers with certain
spectral signatures was extracted from the recorded hyperspectral data through spectral
filtering, spectral fitting, or principal component analysis. Individual photolithography
structures aligned with different types of fluorophores were made on the same substrate.
It was demonstrated that two different types of alignment markers could be identified,
and bespoke photoresist structures created aligned to each of them. Finally, spectra
reconstruction was done; principle component analysis of the spectral data and least

squares fitting algorithm based reconstructions yielded satisfactory results.
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Conclusions

The research work presented in this thesis focuses on the design and development of
a u-LED based micro-photolithography system, using both visible and deep ultravio-
let emitting p-LEDs, the former of which is controlled by CMOS technology. To add
intelligence to the micro-photolithography system, an automated micro-scale position-
ing algorithm was developed, capable of positioning down to 20 um, with Section 4.5
discussing how this resolution can be decreased further.

The system used both a CCD camera and spectrometer for automated positioning,
the latter of which enabled hyperspectral single pixel imaging, and therefore could
position with more than one marker within the field of view, provided that the markers
have spectral differences.

The first chapter of this thesis provides a theoretical background to the work.

In Chapter 2, a direct writing system using u-LED arrays was built and char-
acterised, with reasoning given behind the main design choices made. Much of the
groundwork for the rest of the thesis was reported here, which was particularly rele-
vant to Chapter 4. Experimental techniques were shown and the automated positioning
algorithm was explained, from design choices made during the algorithm construction
to showing results in the positioning. Photolithography using the setup was then dis-
cussed and the curing itself optimised, with the dosage and width of the structures
reliant on the duty cycle of the curing u-LED, and the structure smoothness reliant on

the frame rate, resulting in structures 20 ym wide. The dosage of the photolithography
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system was estimated at 220 mJem™2. Shorter focal length lenses and smaller yu-LEDs
were used in an attempt at curing smaller structures, where it was found that the
shorter focal lenses resulted in dual exposure on the photoresist, one from exposing the
top of the material, and another from reflecting off the bottom surface of the sample.

In Chapter 3, a Deep Ultraviolet (DUV) direct writing photolithography system
using pu-LEDs was shown. The p-LEDs used were characterised, with the current draw
during photolithography and measured power increasing with yu-LED mesa size, while
the turn on voltage decreased with increasing mesa size. The photolithography setup
was characterised by undertaking a dosage calculation of the setup; this was done by
measuring the u-LED projected spot size and the curing power at the sample position.
Successful structures were made using a different photo-resist to Chapter 2. The curing
dosage of the system was estimated at 755 mJecm ™2 for the largest LED with diameter
200 pm, down to 9.1 mJem ™2 for the smallest successful curing using a LED of diameter
40 pm. This lowest dosage utilised pulse modulation to reduce the size of the cured
structure, with a 7 ym wide structure possible from a 1.6 % duty cycle.

Chapter 4 discusses the Hyperspectral Single Pixel Imaging (HSPI) that was done
in the project. The patterns that were used for the Single Pixel Imaging (SPI) were
explained and it was shown how this can be applied with a 16x16 blue u-LED array.
The ability of SPI for positioning and imaging was discussed, and ability of spectral
imaging by looking at different wavelengths when imaging to reveal new information,
with a focus on spectral imaging and the errors involved. The HSPI system was then
added to the direct writing system from Chapter 2, being used for positioning and
aligning to two different types of fluorescent markers within the u-LED array’s field of

view, from which bespoke photoresist structures were cured.

5.1 Future Work

There are a number of future research topics to continue the work detailed within this
thesis, which will be explored in this section. The first of these is to improve the direct

writing system itself, and how this work can be developed for industrial scale electronic
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manufacturing using u-LEDs. Then other possible applications of the main system
developed in this thesis will be explored. These include Fluorescence Lifetime Imaging
Microscopy (FLIM), changing the detector, or reducing the feature size for a better

positioning resolution by adding in a Digital Micro-mirror Display (DMD).

5.1.1 Future of Direct Writing Photolithography with y-LEDs

Conveyor movement

| LED array Conveyor
Belt
YAV /j%
Samples

Figure 5.1: Potential idea for a future, completely automated p-LED based photolithog-
raphy setup for mass manufacturing.

To accommodate the scale required for industrial scale electronic manufacturing,
the time spent photocuring needs to be reduced. In order to reduce this time, either
the u-LED power could be increased, or the speed of the stage while curing could be
increased. Another way to improve the performance of the system is by rethinking it
entirely. Instead of a 2D square array, a potentially suitable u-LED geometry is a 1D
linear array, a format common in the literature [118], [119], [120]. This would allow
large scale automated photolithography with p-LEDs and a ’conveyor belt’ moving a
row of samples with the photoresist deposited on them. The linear array can then be
programmed with a series of high frame rate signals at the curing wavelength to cure
each sample with the desired pattern. An example of how this might look is shown
in Figure 5.1. The purple beams represent the pu-LED light being focused onto the
samples, curing the structures as the sample moves under it. The idea would be that
by the time the sample has moved out of the area illuminated by the linear u-LED
array, one photo-curing step has been completed for the full sample.

This new system would require a high u-LED power and switching speed to have
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the highest available output from this automated system. Markers can be placed at
various positions in the samples for positioning purposes throughout processing, and

2D arrays positioned at various points to allow for positioning to occur.

5.1.2 Increased resolution in direct writing

Another way of improving the direct writing system would be to have a higher resolution
with the same field of view, or having smaller pixels. Before going further into this topic,
it is important to note here that the u-LED arrays used were not optimised for the
smallest pixel pitch, and arrays with micron scale pitches have been demonstrated in
the commercial sector [116, 117]. However, increasing the illumination resolution at
the sample level results in higher resolution single pixel images, and smaller feature
sizes for direct writing. A higher resolution single pixel image would reduce the error
in positioning. This can be achieved in one of two ways: reducing the pixel pitch of
the illumination, as described above, or adding in a higher resolution reflector into the

system.

CCD Camera Computer

10X

Sample
XYZ Stage

Figure 5.2: Schematic of adding a DMD to the direct writing system used throughout
this thesis

A high resolution reflector in the system could be a DMD. An example of such a
system, based on the system used throughout this thesis, is shown in Figure 5.2. In this
system, the DMD is placed after the collimation lenses from the two pu-LED boards, so

that the demagnification can be done on the increased resolution illumination afforded
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by the DMD. This should result in much higher resolution images, dependent on the
size of the u-LED array projected onto the DMD.

5.1.3 Fluorescence Lifetime Imaging Microscopy

Another potential application of the direct writing system is possible by changing the
detector used in the system. For example, a detector with a fast time detection, such as
a single pixel avalanche diode or a photomultiplier tube used instead of the spectrometer
in Figure 4.2 would allow the system to take images as a a function of time down to
a picosecond timescale, and at very low light levels. As a result, Fluorescent Lifetime
Imaging Microscopy (FLIM), a technique often used in bio-imaging [35], is possible
using the same direct writing system used throughout this thesis, while pulsing the
u-LEDs.

FLIM is used as an non-invasive imaging method that can be used to determine
characteristics of the sample such as temperature, fluorophore concentration and pH
from the photon arrival time histogram. Being a non-invasive technique, this allows
measurements to be made on otherwise delicate samples, where the samples may break
down if invasively measured, or if they are photosensitive. Time of flight measurements
are taken multiple times, making a histogram of the arrival times, and it is expected
that the fluorescence decays exponentially [121], in a technique called Time Correlated
Single Photon Counting (TCSPC). The pulses that are sent for FLIM are in the few-
photon regime, requiring statistical analysis as each pulse sent may not result in an

output photon.

5.1.4 Multi-coloured p-LED arrays

While the images taken during Chapter 4 were hyperspectral given the amount of fine
channels used, it could be argued that due to the single colour of p-LED that is used for
illumination, this is not a full colour image. As a result, an array containing differently
coloured p-LEDs might be constructed to allow for multicolour single pixel images.
This assumes that the u-LEDs are individually addressable, the same as in the single

colour p-LED arrays used previously, and the ability to make multiple coloured pu-LEDs
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and attach them onto the same circuit for individual addressing. While imaging using
multiple different coloured p-LEDs has been done [122], SPI using multiple coloured pu-
LEDs has not been reported and thus would be an interesting avenue of research. This
could allow applications that have been previously attempted with SPI to use multiple
wavelengths of light simultaneously. There is the potential for even more fluorescent
markers within the FoV, for example, which are each excited by different wavelengths of
light. This work would then tie into the HSI done earlier by then allowing many more
wavelengths of fluorescence to be used for giving instructions to a system, as shown in
Chapter 4.

This is reliant on the ability of the array to have multiple wavelength emitting
w-LEDs arranged into a square array, to be as similar as possible to the arrays that
have been used throughout this thesis, and to get a 2D square image output, to be
comparable to other imaging techniques. A schematic example of such an array is
shown in Figure 5.3, where different pixels in the array are different wavelength bands,
in this case blue, green, yellow, and red, centred around four different wavelength bands;
these are centred around 450, 525, 580, and 640 nm. Keeping the pattern of the colours
is vital; it allows the same square patterns to be made and illuminated as before, albeit

with a theoretical maximum fill factor of 25 % for each wavelength band.

........ Legend
H B B N B 250nm
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Figure 5.3: Example multicoloured LED array showing the different colour LEDs. Each
different colour pixel in the device refers to a different wavelength band - blue is centred
around 450 nm, green around 525 nm, yellow around 580 nm, and red around 630 nm.
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5.2 Application of this work

This thesis has demonstrated a new capability; that is, the ability of automated posi-
tioning on a milli-micro scale using Hyperspectral Single Pixel Imaging and fluorescent
markers. This technique, when combined with making unique instructions for differ-
ent colours of fluorescent markers, can allow for easier rapid prototyping. By starting
each prototype with a different coloured marker, by being mindful of the size of the
structures made, it would be possible to automate numerous prototypes on the same
sample.

In terms of additional capacities enabled by this technology, it would also be able
to use the markers themselves as functional elements. For example, by electrically
contacting to individual fluorescent quantum dot clusters, it would then be possible
to have structures cured relative to the clusters. This would allow atom-like electro-
optic stimulation, and could potentially be used as an on-chip light source for photonic
integrated circuits, with waveguides being made from the photolithography steps. With
an increase in the resolution, it might even be possible to align to individual quantum

dots themselves, as opposed to the clusters used throughout this thesis.

5.3 Final Conclusion

In conclusion, electronically interfaced p-LED arrrays allow many new avenues for
smart direct-writing and structured illumination systems. They can be used as a cen-
tral part of an indoor illumination arrangement affording automated positioning to
fluorescent markers, both on the macro- and micro-scale. CMOS control enables a high
pulse rate and individual u-LED pixels to be used for photo-curing, and finely tuned
control over the dosage. The combination of these three elements allow for highly

customisable patterns that can be made in photoresist.
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