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Frontispiece: Upper: Lissajous figure produced in truxene/resist blend by UV laser
direct writing. Middle: Exposed dots in S1818 photoresist using a CMOS driven
micro-LED array. Lower: Red-green-blue quantum dot nanocomposite stripes
aligned onto UV micro-stripe light emitting diodes by UV laser direct writing.
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Abstract

This thesis presents studies on micro-patterning techniques and their
applications in direct writing of photoresist based systems. Gallium
nitride based ultraviolet light sources, micro-pixelated light emitting

diodes and laser diodes, are utilised in photolithography systems.

Laser direct writing is used to pattern negative-type photoresist and
resist based nanocomposites with an organic light-emitting oligomer,
oligofuorene-functionalised truxenes, added. Characteristics of such

structures are investigated.

A CMOS-chip-driven micro-LED array is used in an optical projec-
tion system for maskless photolithography. The performance of this
setup is investigated and the system is used to pattern positive- and

negative-type photoresists.

Semiconductor nanocrystals are investigated for the use as colour con-
verters in integrated micro-LED devices. The performance of such

devices in terms of colour conversion efficiency is measured.
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Chapter 1

Introduction

Photonics is the science of light; its emission, transmission, modulation, amplifi-
cation, and detection. It is of ever increasing importance, in commercial terms as
well as in research. As proof of this importance the 2009 Nobel Prize in physics
was awarded for fundamental innovations in the area, namely high transmission
optical fibres and the charge-coupled device (CCD).

One deciding factor for the future of photonics is going to be the ability to
produce micro- and nano-scale patterns rapidly, accurately, and inexpensively.
For certain types of functional, predominately organic, materials standard pat-
terning techniques, involving photolithography and chemical etching, cannot be
used because of the environmental sensitivity of these materials. For low volume
production and prototyping another limiting factor is the photomask, which is
expensive and time consuming to produce. Therefore maskless techniques are of
great importance.

This thesis work utilised novel nano-engineered light emitting materials for

the production of microscaled structures. The structures were produced with



maskless techniques and put to use in, for example, colour conversion for micro-
pixellated light emitting diodes.

In this first chapter the concepts and devices that form the basis of this work
will be presented. The light emitting diode (LED) will be discussed and some
background and current performance characteristics will be given. Micropattern-
ing techniques used for manufacturing of photonic and other microstructured
devices will also be introduced and nanoengineered light emitting materials will
be presented.

In Chapter 2 a further, more detailed overview of the photoresists and light
emitting materials used in the thesis work will be given. The novel nanocomposite
materials, consisting of photoresists and light emitting materials, will also be
presented.

In Chapter 3 the theory and background of laser direct writing (LDW) as
patterning technique for photoresists will given and the experimental results using
this technique will be presented.

In Chapter 4 direct micro-patterning with a CMOS driven micro-LED array
by projection through back-to-back microscope objectives will be discussed and
results presented.

In Chapter 5 the theory and benefits of colour conversion of the ultraviolet
emission from a micro-LEDs will be given. Results and characteristics of inte-
grated devices will be presented.

In Chapter 6 the concluding discussions will be given and planned future work

briefly mentioned.



1.1 Light Emitting Diodes

1.1 Light Emitting Diodes

In metals, electrons are delocalised and free
to move, because there is overlap in energy
between the valence band and the conduction
band. In insulators the valence band electrons
Conduction band

are strongly bound. Semiconductors are ma-

terials with electrical conductivity characteris-

Band

tics intermediate between a conductor and an

Energy

insulator. They conduct electricity only when

exposed to external stimulation, be it an elec-

Number of electrons
tric field or light. Their use in modern day-

to-day life is very widespread as they form the  Figure 1.1: Schematic of the
bandgap in a semiconductor.

basis of all modern electronic devices. They
can be pure elemental materials such as silicon and germanium or compounds
such as gallium arsenide and silicon carbide. The energy separation, where there
is a lack of electron states, in energy between the valence band and the conduc-
tion band in such a material is called the bandgap, see figure [1.1] The bandgap
is calculated as the difference between the lowest energy of the conduction band
and the highest energy in the valence band (E, = E,. - E,).

The electrical properties of a semiconductor can be changed by itentionally
introducing impurities to the semiconductor material. This is known as doping.
By introducing atoms with a higher electron affinity, energy states close to the

valance band are created. This is known as P-type (positive-type, “lack” of

electrons) doping and the materials used are called 'acceptors’, as they accept
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weakly-bound electrons from the semiconductor. The electron vacancy is known
as a 'hole’. In silicon (Group IV element), Group III materials such as boron
or aluminium are used as acceptors. Magnesium, being a Group II element, is
used for P-type doping in gallium nitride. Introducing atoms with the capability
of providing extra electrons to the semiconductor is known as N-type (negative-
type, “surplus” of electrons) doping and the material used as ’donors’. In silicon,
Group V, such as phosphorus or arsenic, can be used for this purpose. Gallium

nitride can be doped with oxygen or silicon to make it N-type.

1.1.1 General introduction

A light emitting diode (LED) is a semiconductor electroluminescent light source.
Electroluminescence was first observed in silicon carbide by H. J. Round of Mar-
coni Labs in 1907 [I] and the LED was invented by Oleg Vladimirovich Losev
in 1927 [2]. Losev observed the non-thermal light emission from silicon carbide
(SiC) crystals and measured the current-voltage dependence of the device. He
even proposed his invention’s use in communications [3]. However it was not
until Rubin Braunstein at the Radio Corporation of America observed emission
from several semiconductor materials including gallium arsenide (GaAs) [4] that
the true potential for these devices was realised. Blue LEDs were based on SiC
until the early 1990s when gallium nitride (GaN) made a dramatic leap in output
efficiency possible [5]. Later GaN based material systems have also been devel-
oped for LEDs emitting in the UV [6]. LEDs have now been made from many
semiconductors and their performance is summerised in figure (1.2

Nowadays LEDs are found in many applications in daily life, e.g., as indica-
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tors (from small power indicators to traffic lights), displays (e.g., huge outdoor
displays at sports stadia), and for illumination. The performance of light sources
in illumination is commonly measured in luminous flux per electrical input power
(Im/W). The Lumen (lm) is a unit that takes into account the eye’s sensitivity to
light of different wavelengths and hence measures how bright a light is perceived
to be. Since the 1990s LEDs have been more efficient light emitters than incan-
descent bulbs (~13 Im/W) and in the last decade they have surpassed fluorescent
lamps (~90 Im/W) as white light illumination sources (see figure [1.2)). Unlike
LEDs, incandescent bulbs and fluorescent lamps have reached their fundamen-
tal limit of efficiency [7]. Nichia Corp. has demonstrated white-LEDs with an

efficiency of 150 Im/W ([8]) and Cree Inc. have reported even higher figures.

100F
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Figure 1.2: Evolution in performance for some relevant light sources. Efficient
gallium nitride technology has emerged only since the mid 1990’s. After [9]

The basic working principle of all LEDs is the radiative recombination of holes

and electrons. A hole is a vacant electron state in the valance band. In figure (1.3
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a schematic image of a basic P-N junction LED can be seen. P-type materials are
doped with a “hole creating” material (i.e., a material with high electron affinity)
creating energy levels within the bandgap close to the valence band. This leads
to holes as the majority charge carrier. N-type materials on the other hand
are doped with electron donating materials, forming energy states close to the
conduction band. By creating a junction between regions of P- and N-doping and
by applying an electric field over the junction (positive on the P-side and negative
on the N-side), referred to as forward bias, holes and electrons are injected and
can recombine in the middle. For a light-emitting device, the recombination
preferably occurs radiatively meaning that the energy released, by an electron
recombining with a hole, is emitted as a photon, with an energy defined by the
bandgap of the material, i.e., conserving the energy of the system. A device with
this junction configuration is known as a "’homojunction’ light emitting diode and
is the simplest type of LED. The width of the active region in such a device is
basically defined by the diffusion length of the respecitve charge carriers.

For any LED to work efficiently, a direct bandgap semiconductor is needed.
Figure [1.4] shows a schematic diagram of the energy level and the band gap
in such a direct bandgap material. In indirect bandgap materials the crystal
momentum of the lowest point of the conduction is not equal to the crystal
momentum of the highest point of the valence band. In these materials the direct
transition from conduction band to valence band is forbidden due to conservation
laws (conservation of crystal momentum) making this transition inefficient as it
needs to be aided by interaction with a phonon (crystal vibration). This is why
semiconductor light emitting devices almost always are made from direct bandgap

materials, such as GaAs and GaN, and not indirect bandgap materials, such as
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Hole Electron

o

RecombinatiNe e @ 0 e 6

——— — — - = Conduction band

Fermi level -

Valance band

Figure 1.3: Schematic of a PN-junction LED. Electrons and holes recombine in
the junction between n-doped and p-doped material.

silicon (Si).
The photon energy emitted when a hole and an electron recombine is given

by
hv ~ E, (1.1)

where h is Planck’s constant and v is the photon frequency [I1]. However thermal
distribution of the carriers gives a broadening of the spectral emission peak (pho-
ton energy), proportional to k, T, where kj is the Boltzmann constant (1.38x10723
m?kg s72 K1) and T is temperature in Kelvin. Non-radiative recombination also
occurs in all real LEDs, and is detrimental to good performance as it “steals” en-
ergy from the radiative processes and increases the temperature in the active

region, hence exacerbating thermal management problems. Non-radiative recom-
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Figure 1.4: Schematic image of the bandgap and the radiative recombination
process in a LED. After [10].

bination can occur at e.g., crystal defects, impurities, material interfaces and
surfaces.

Problems in homojunction LEDs include difficulty in restricting electrons and
holes to a common region in the device, and that photons can get reabsorbed be-
fore they can leave the material. Therefore the junction needs to be placed close
to the surface of the material, where the probability for non-radiative recombi-
nation is higher. A solution to this is a 'heterojunction’ configuration where a
lower bandgap material is wedged between the p- and the n-type material. This
type of junction is named a p-i-n junction (‘p-type’-intrinsic-'n-type’ junction).
A schematic image of such a junction can be seen in figure [I.5] This particular

configuration is known as a double heterostructure (DH) since it contains two
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back-to-back junctions of higher to lower bandgap materials. The recombination
occurs in the lower bandgap region while limiting charge diffusion and the higher
bandgap regions cannot reabsorb the photons created as they do not have enough
energy to lift an electron from the valence band to the conduction band. The
fact that the active region is defined by the DH rather than the diffusion length
gives a higher carrier concentration at the same injection current and hence the

radiative recombination rate is increased.
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Figure 1.5: Schematic of a hetrojunction under forward bias. Z is the spatial
position through the thickness of the material. After [11].

If the lower bandgap region is decreased in thickness enough for quantum size
effects to become apparent, i.e., when the dimension becomes comparable with
the de Broglie wavelength of an electron in the material, the energy bands can no
longer be considered as continuous but become discrete [12]. The DH structure
is then called a quantum well (QW). The typical thickness of a quantum well
is <10 nm. Quantum wells show a step-like density of states between discrete

energy levels. In this thesis LEDs and laser diodes made using InGaN quantum
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wells are utilised, of thickness ~2.5 nm between barriers of gallium nitride.

One problem with making the active region thinner is carrier overflow leading
to electrons “leaking” over the barriers and causing a current without recombina-
tions. As a solution to this, active regions with multiple quantum wells (MQW)
have been fabricated [I3]. An ’electron blocking layer’, i.e., a potential barrier
for electron, prevents overflow [I4]. A schematic of such a configuration in a GaN
based device can be seen in figure [1.6]

One important electrical property of a diode is described by the diagram in
figure [1.7 The current is plotted versus the voltage, in what is refered to as an
[-V diagram. When the voltage increases over the threshold value (close to the
bandgap of the active region) the ideal diode has no resistance. However real
diodes do have series resistance, the effect of which can be seen in the image.
A shunt can also occur if the device is damaged. This leads to a leaked current
below the threshold and is detrimental to device performance.

The current through a diode is expressed by the Shockley ideal diode equation
[15]

I = Ig(e"®/("Vr) _ 1) (1.2)

where Ig is the reverse bias saturation current, Vp is the voltage over the diode
junction, Vi is the thermal voltage, and n is the emission coefficient, also known as
the ideality factor. The emission coefficient n varies from about 1 to 2 depending
on the fabrication process and semiconductor material and can in many practical

kT

cases be assumed to be approximately equal to 1. The thermal voltage Vi = o

(q is the electron charge (1.6x107! C)) is approximately 25.85 mV at 300 K,

10
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Figure 1.6: Schematic of an AlGaN/GaN/GaInN MQW structure with an AlGaN
electron blocking layer. The In,Ga;_,N quantum wells are typically ~2.5 nm thick
with 2% In for near-UV, 30% In for blue (440 nm), and 45% In for green. After

1]

which is often taken as room temperature.

Under forward bias the equation is often approximated to

I = Ig x "»/(0V7) (1.3)

11
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Figure 1.7: I-V characteristics of an ideal diode and the effect of shunt and series
resistance. After [11]
The turn on voltage for a LED is in the ideal case decided by the bandgap
(the bandgap in eV directly gives the turn on voltage), typically 1.9-3.1 V for
diodes emitting in the visible spectrum. The turn-on voltage can also be affected

by the quality of the fabrication process.

1.1.2 Gallium nitride based LEDs

The semiconductor material systems that are of special interest for this thesis
work are GaN based alloys. The first single crystal GaN was grown in 1969 [16].
The direct energy bandgap was determined to be 3.39 eV, giving a theoretical
emission wavelength of 366 nm. The GaN was grown on a sapphire substrate

which is to this day the most common substrate for growing GaN based diodes

12



1.1 Light Emitting Diodes

(SiC is sometimes used). The first report of a GaN based LED was in 1971 [17].
The device was an i-n junction, made by Zn-doping, emitting in the green. How-
ever for a long time there was a problem with p-doping the GaN based materials,
a problem that was not solved until the late 1980s [18]. In 1995 the group around
Shuji Nakamura at Nichia Chemical Industries, Ltd. reported on efficient GaN
based LEDs emitting in the blue and violet [19]. This led to developments that

have now put GaN based LEDs as among the most efficient light emitters known,

cf. figure [I.2]
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Figure 1.8: Bandgap of III-nitride materials vs. lattice constant. After [10].

Research has shown that in principle alloys of IIl-nitrides can cover wave-
lengths from deep UV to infrared, with bandgap energies ranging from 0.7 eV
for InN to 6.2 eV for AIN (see figure [1.§8). The GaN-based diodes realised so far
cover an impressive fraction of this wavelength range. There have been reports

of emission wavelengths as short as 229 nm (AlGaN) [20] and as long as 675

13
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nm (InGaN) [2I]. In figure the bandgap energy of the ternary and quater-
nary alloys (Al-Ga-In-N) is plotted against the material lattice constant at room

temperature. Typical high-performance devices range 370-520 nm.
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p-AlGaN:Mg clad

y i e p-GaN:Mg  waveguide
4 R 5 InGaN QWs active
n-GaN:Si waveguide
n-AlGaN:Si  clad

n-GaN:Si n-contact

n-contact (Ti/Al)

-~ LT GaN
buffer

(0001) sapphire subatrate

(a) Optical micrograph showing the (b) Schematic of the cross-sectional

typical die size of a ’broad area’ LED. structure of a GaN based laser diode, the
difference from a LED structure is mainly
the waveguide layers. After [22]

Figure 1.9: Images showing the die size and structure of a typical GaN based
LED.

In figure the cross-sectional layer structure typical of a UV or blue
emitting LED can be seen. The first layer grown on the sapphire substrate is a
buffer layer and is followed by undoped GaN, then by n-type GaN and the active
region (quantum wells), finally a p-doped GaN layer is added. There are several
methods for growing these layers on the substrate, including molecular beam epi-
taxy (MBE) [23] and, metal organic chemical vapour deposition (MOCVD) [19)]
(also known as metal organic vapour phase epitaxy (MOVPE)). Wafers differ de-
pending on the emission wavelength of the quantum wells. Blue/green/yellow/red
LEDs have a MQW structure consisting of GaN/InGaN. Near UV LEDs can also
utilise InGaN with a small molar fraction of In. For shorter wavelengths QWs

of GaN, AlGaN, or AlGalnN are used, with higher Al content for higher energy

14
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emission [9].

Because the typically used sapphire substrate is electrically insulating, to
contact the n-doped layer the overlayers are selectively removed by dry etching.
The metal contacts for p and n are then deposited. Nickel-gold is used for the
p-contact and titanium-gold (or titanium-aluminium) for the n-contact. For uni-
form injection current a “spreading layer” is deposited on the p-type material
covering the active area. When the light extraction is on the epitaxial side of
the device the spreading layer has to be thin to be semi-transparent or it will
adversely affect the performance of the device. Transparent indium tin oxide
(ITO) has also been used for the p-contact to avoid the need for a thin spreading
layer [24]. Figure illustrates such an ’epi-up’ format of device, with typical

die dimensions indicated.

semi-transparent

p-contact mlcro-LED

. N sapphire

mlcro LED ' / substme rctive
active L ¥ layer
layer / \ { \ [ high reflectance
| | \ p-contact
sapphire XS d ball
substrate goldba
‘Top-emitting’ ‘Flip-chip’

Figure 1.10: Schematic showing the difference between ’top emitting’ and ’flip-
chip’ configurations of GaN LED devices. In the ’top-emitting’ format, light is
extracted via the p-contact; in 'flip-chip’ devices it is extracted via the sapphire
substrate.

The alternative to extracting the light on the epitaxial side is to do it through

the sapphire substrate. Since sapphire is highly transparent throughout the vis-
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ible and well in to the UV this is the preferred way for high power LEDs. A
schematic image of the differences between normal 'top emission’ and such a
"flip-chip’ configuration can be seen in figure [1.10, The p-contact can be made
thick and reflective, thus doubling the theoretical extraction efficiency. Another
advantage of this technique is improved thermal management, as the thick metal
bumps conduct heat from the active area of the LED and the silicon mount acts

as a heat sink.

1.1.3 Micro-LEDs

As shown in figure typical GaN LEDs have active area greater than 350 x
350 um?. However, for some specialised applications, having LED devices with a
small (10-100 pum sized) emission area can be very beneficial. This type of device
can be used in for instance biological applications, e.g., neuron stimulation [25],
sectioned imaging [26], and micro-fluidics [27], and also for lithography as we will
show [28] 29].

These devices have been fabricated, by the Institute of Photonics (IoP) at
Strathclyde University, in several different formats including rings (figure(l1.11(a))),
disks (figure , and stripes (figure in GaN based materials. The
sizes, from below 10 pm to conventional LED sizes of several hundred pm, are
defined by conventional photolithography (section and etched by inductively
coupled plasma (ICP) dry etching (for more information about this technique see
[31]). This leaves mesa structures, which function as light emitting pixels, in the
epitaxial layers. The device thus formed, consisting of many pm-sized pixels, is

referred to as a 'micro-LED array’. One of the first beneficial properties that was

16
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20um

(a) Optical micrograph of de-  (b) Optical micrograph of device with disk
vice with ring shaped mesa shaped mesa structures. The disks have a
structures. The rings have an  diameter of 20 pym and the pixel to pixel
outer diameter of 20 pym and  pitch is 50 pm.

inner diameter of 12 pm [30].

Figure 1.11: Optical micrographs of representative formats of micro-LED devices.

discovered in this micro-pixel format was that the extraction efficiency increases
relative to ’broad area’ LEDs of the same total active area. This was attributed
to the scattering of light, which normally would be trapped by total internal
reflection, from the sidewalls.

Several modes of addressing these devices have been developed, including
parallel- [32], matrix- [33], and individual-addressing [34]. The n-type GaN has a
relatively high conductance and hence a common n-contact can be used to address
all pixels. In parallel addressing a common p-contact used as well, i.e., all the
pixels of the device will turn on at the same time. The main advantage of this type
of device is the increased extraction efficiency, giving higher per light emission
area optical output power. A matrix addressing scheme, where a grid electrode
arrangement is used, connecting devices in rows and columns, is well suited for

high resolution micro-displays with many pixels. The number of contacts required

17
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P contact

N contact

Figure 1.12: Optical micrographs of a micro-stripe device. The emitting area of

each stripe measures 20 pm x 3600 pum and the stripe-to-stripe pitch is 34 pm.
to address each pixel is m + n for a device with m x n pixels, in contrast to the
m x n + 1 contacts required for individual addressing (each pixel requires two
contacts, but the n-contact can be common to all pixels). One drawback is
however that to display patterns of pixels other than row-column symmetrical
patterns, a driving scheme is needed where for instance the rows are addressed in
sequence, so that each frame or image is divided in time by the number of rows.
While one row is being addressed the appropriate columns are also addressed, then
moving to the next row and so forth. If this is done fast enough the eye will not
register flickering and the image appears stable on the micro-display. However
any individual device will be duty cycled and does not operate continuously.
This is also the technique used for addressing in modern flat-screen liquid crystal
displays (LCDs). For some applications instant addressing access to each pixel
can be more important than limitations in the number of contacts, in which case
an individual addressing scheme needs to be used. A major leap forward for this

type of addressing was the integration of a micro-LED array with a CMOS driver

18
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[35]. This allows not only for individual addressing by bump bonding each pixel
individually to the CMOS chip (cf. figure , but also for unique control of the
electrical injection to each pixel. The injection current is regulated by on-chip
controls in the CMOS and can, for example, be pulsed down to sub-nanosecond
durations or modulated at high frequencies.

Devices fabricated in the IoP have wavelengths spanning from UV (370 nm)
to green (~500 nm), via violet (405 nm) and blue (450 nm and 470 nm). These
devices, particularly those emitting in the UV, form the basis of much of the work

described in this thesis.

1.1.4 Diode lasers

The first report of the emission of coherent light from a semiconductor emitter was
made by Hall et al. in 1962 [36] and the first visible diode laser was reported later
the same year by Holonyak et al. [37]. Both used GaAs-based material systems.
The first reliable laser diode with blue emission was achieved by Nakamura in
1995 [38], based on an InGaN MQW structure.

Diode lasers (light amplification by stimulated emission of radiation) are semi-
conductor light emitters, which emit coherent light by the process of stimulated
emission using electrical pumping. In contrast to LEDs, stimulated emission is
the dominant process rather than spontaneous emission. A simple schematic of
this process can be seen in figure [1.13] The probability of this process is de-
pendent on the density of photons with appropriate energy for stimulating the
emission of a photon in the active region. Three conditions are generally needed

to be fulfilled for laser action:
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Figure 1.13: Schematic diagram of stimulated emission in a two level system. The
photon generated from stimulated emission has the same energy, phase, polarisation
and direction as the photon which stimulated the emission. The probability of the
stimulated process depends on the density of photons which can stimulate the
emission. After [9].

1. Population inversion, i.e., a higher number of atoms, molecules, etc. in

excited states than in lower energy states.
2. Losses have to be lower than the gain in one roundtrip of the laser cavity.

3. The active region has to be contained in a cavity with a suitable optical

resonance for stimulated emission.

In diode lasers the population inversion required for laser action is produced
by electrical injection. The second requirement was the most difficult to fulfil for
diode lasers since the active (gain) region is very thin, often a fraction of the light

wavelength [36]. For QW diode lasers this is an even more crucial problem and
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is solved by more effectively guiding the light into the active area by separate
confinement layers (cf. figure [L.9(D))[39]. Diode lasers have optical feedback
to provide a laser cavity. The feedback can be provided simply by the facets
(cleaved edges) of the semiconductor die making a Fabry-Perot cavity (as in [30]),
by a grating, e.g., in distributed feedback (DFB) lasers [40)], distributed Bragg
reflector (DBR) lasers [41], and vertical-cavity surface-emitting laser (VCSEL)
[42], or by external mirrors, e.g., in vertical-external-cavity surface-emitting-laser
(VECSEL) [43].

Of special interest for this work are ultraviolet-emitting laser diodes. The first
report of direct laser diode emission in the UV was in 2001 [44]. The asymmetry
in the guided mode (typically much thinner perpendicular to the junction than
parallel to it) leads to astigmatic and highly divergent output in a typical Fabry-
Perot format laser diode (figure . Circularising optics are therefore required

to produce a symmetric beam.

1.2 Micro-patterning techniques

There are a number of different ways of micro- and nano-patterning organic mate-
rials and transferring these patterns to a substrate (usually a subsequent etching
step). Micropatterning is not only of interest in semiconductor manufacturing,
but also in microelectromechanical systems (MEMS), microfluidic devices, micro-
sensors, and increasingly for organic electronics and organic-LEDs (OLEDs). This
section will introduce a few of the relevant techniques.

Of special interest for this work are maskless photolithography techniques.

Laser direct writing (LDW) will be described in chapter 3] and section will
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Figure 1.14: Simple schematic of a diode laser. Light is guided in the gain/active
region by lower refractive index (cladding layer, AlGaN in the image) regions out-
side the active region (GaN in the image). In the simplest form, feedback is pro-
vided by the facets of the edges. (a) shows the conduction and valence band edge
vs. distance through the device structure, (b) shows the corresponding refractive
index, and (c) the guided light profile along the junction. After [9].

present a brief review of other maskless patterning techniques, such as electron
beam lithography (EBL), focused ion beam (FIB), interference lithography (IL),

and zone-plate-array lithography (ZPAL).
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Figure 1.15: Simple schematic representation of an edge emitting diode laser
and the far-field characteristics. Such a device typically emits an astigmatic and
asymmetric output beam. After [9].

1.2.1 Conventional photolithography

To pattern semiconductor wafers to manufacture devices such as LEDs, the most
commonly used technique is photolithography, also known as optical lithography.
In this method, the semiconductor wafer is covered with a photosensitive (organic,
normally polymer) material, a photoresist. Light is shone through a photomask,
which defines the desired exposure pattern. The resist reacts to light of a certain
wavelength and decomposes and becomes soluble in the case of a positive resist or
cures and becomes insoluble in the case of a negative resist. More details about
these materials will be given in section [2.1]

Figure |1.16| shows a schematic image of an exposure in a photolithographic
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Figure 1.16: Schematic of photolithographic exposure. The wafer is covered with
a photosensitive film which is exposed by the pattern defined by the photomask.

After [45].
process. By the optical system the pattern on the photomask can be demagnified
in principle down to the diffraction limit of the system. The diffraction limit is

commonly given by the Rayleigh relations:

3P
resolution = ﬁ (1.4)
and
depth of focus = ]\];222 (1.5)
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where A is the wavelength of the light used for the exposure, N.A. is the
numerical aperture of the system, and k; and ks are parameters of the system,
the mask and the resist [45]. Empirical measurements usually give k; of 0.5-1.0.
A major disadvantage of mask-based photolithography is the need of a hard

photomask, which is time consuming and expensive to manufacture.

1.2.2 Ink-jet printing

A technique for printing solution processed materials, such as nanoparticles (quan-
tum dots, metal particles, etc.), organic materials (light emitting and conducting
polymers etc.), and even biosamples, is inkjet printing. The principle behind
inkjet printing in micropatterning is the same as in printing in standard office
inkjet printers. By techniques called drop-on-demand (DOD) a small amount of
liquid material is propelled onto a substrate in a controlled manner. In figure
[1.17 a schematic picture of a typical inkjet printing setup can be seen.
Advantages of this technique is that it does not require a photomask and that
it is flexible concerning what materials can be used. Any materials with low
enough viscosity can in principle be inkjet printed. One disadvantage is compli-
cated manner in which solvents dry from a spherical surface, often leaving ’coffee
stain’ patterns after evaporation. The resolution is highly dependent not only on
the drop size, but also on the substrate and the material printed (surface inter-
action between the two materials) and is not usually below 100 pm on untreated
surfaces [47] however feature sizes down to 2 um has been achieved [48], by small

volume droplets printed onto appropriately prepared surfaces.
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Figure 1.17: A schematic image of a typical setup for inkjet printing. After [46].

1.2.3 Nanoimprint lithography and nanotransfer printing

Nanoimprint lithography (NIL) is a technique for making patterns, of predomi-
nately organic material, with a high resolution. In NIL a mould is used to imprint
a pattern in a polymer or monomer film on a surface. The film is cured thermally
or by UV exposure, the mould is then lifted and the pattern has been imprinted
in the cured polymer. In figure a schematic for the process flow in a spe-
cial kind of NIL technique called step-and-flash imprint lithography (SFIL) can
be seen. A related technique is transfer printing, where a mould is used to lift a
layer of molecules from one surface and transfer it to another surface (see figure

1.18(a)]). In [49] a commercial optical adhesive (urethane-related photopolymer)
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Figure 1.18: Process flow in two mould based patterning techniques.

is used for producing the mould and feature sizes down to 80 nm are shown. The
resolution is limited by the mould and features down to at least 5 nm have been
demonstrated with NIL [50].

While these techniques represent very powerful methods to produce patterns
with very high resolution, an obvious disadvantage is the need to produce a very

high quality mould.

1.3 Nanoluminophores

"Nanoluminophores’ is the collective name given to luminescent nanoengineered
materials. They can be organic or inorganic. For the purpose of the structure
of this thesis, conjugated light emitting polymers (LEPs) will also be introduced
here.

One important measure of the performance of luminophores is the photolumi-
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nescence quantum yield. It is defined as the ratio of absorbed photons to emitted

photons:

# photons emitted
Qoy =
# photons absorbed

(1.6)

1.3.1 Semiconductor nanocrystals

An emerging technology that has found applications in several different fields
is semiconductor nanocrystal quantum dots (NQDs). These are very small (nor-
mally <10 nm) semiconductor crystals normally suspended in a solvent and show-
ing three dimensional quantum confinement. Quantum confinement means that
the structure size is smaller than the mean exciton Bohr radius (the spatial sep-
aration between hole and electron after excitation). As in the case of quantum
wells this will affect the bandgap structure of the material. In fact the bandgap
is related to the size of the nanocrystal and can thus be tuned by engineering
the size of the quantum dot [52]. This is known as the “quantum size effect”.
Figure shows for comparison a schematic of the bandgap structure in a bulk
semiconductor and in a nanocrystal.

Nanocrystal quantum dots have been synthesised with emission covering the
visible spectral range [54] and near infrared [55]. These structures are normally
produced by chemical means. The inorganic core of the solution processed NQD
is covered with organic ligands to avoid aggregation. The NQDs are synthesised
by pyrolysis of metalorganic precursors in hot coordinating solvents. Nucleation
is started when the precursors are injected into the hot solvents (120-360°C)

and is followed by a relatively rapid growth and finally a slower growth [56].
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Figure 1.19: In bulk semiconductor the bandgap is fixed and the valance and
conduction band are continuous, while QDs have discrete atom-like energy levels
and the bandgap is affected by the size of the QD. After [53].

Aliquots (portions of the total amount) can be removed from the reaction chamber
during the slow growth, by this method a range of different sized NQDs can be
synthesised from the same batch. Figure[l.20[show a schematic of the growth and
a representative reaction chamber for small volume synthesis of nanocrystals.

Because of their high quantum yield (typically 30-50%), environmental sta-
bility, high bleaching threshold, broadband absorption spectrum, and narrow and
tuneable emission wavelength nanocrystals have been put to use in various ap-
plications. For instance QDs have been used in selective biological labelling [57],
for photovoltaics [58, 59], for LEDs [60], lasers [61], and for colour conversion for
white light generation [62] [63].

The nanocrystal quantum dots of special interest for this work have a cadmium

selenide (CdSe) core capped with a zinc sulphide (ZnS) shell. More detail about
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Figure 1.20: Schematic showing the synthesis process of nanocrystal quantum
dots. The NQDs grow with time and by removing aliquots periodically from the
reaction chamber, different size NQDs can be synthesised from the same batch.
After [56].

this type of nanocrystals is given in section [2.2.2]

1.3.2 Organic Light emitters

A category of materials that have generated much interest in recent years is
organic materials with semiconductor-like characteristics, i.e., organic semicon-
ductors. Since the first report on the use of these materials for light emitting
diodes at the beginning of the 1990s [64], conjugated polymers, which can show
such semiconducting properties, have been the focus of much research because

of their processability and beneficial optical properties. Their semiconductor-like
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electrical properties originate from the delocalised m-bonds in the polymer back-
bone. The bond is delocalised when the organic molecule has alternating single
and multiple bonds; this is called conjugation. The “bandgap” of this kind of
polymer is defined as the gap between the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital (HOMO). The process by
which one of these molecules absorbs and emits light can be understood with the
help of a Jablonski energy diagram (see figure . A photon is absorbed and an
electron in the HOMO (or a lower orbit) gets excited to the LUMO (or a higher
orbit). This is a fast process (~ 107's) and it is followed by vibrational relaxation
and internal conversion to the lowest orbital from which the relaxation requires
the emission of a photon, i.e., fluorescence (107°-107"s), a non-radiative relax-
ation, or intersystem crossing to a triplet state. The last process is undesirable
for many applications as it has a slow relaxation rate (1073-10%s). Alternatively,
the excitation can be made by electrical injection, giving electrical luminescence

(EL) in contrast to photoluminescence (PL).

1.4 Summary

In this chapter some concepts that form the basis of this thesis work have been
introduced. The history and theory of light emitting diodes based on direct
bandgap materials, in particular GaN, was briefly presented. The benefits of
micro-pixellated LEDs for applications in biology, instrumentation, and lithogra-
phy have been introduced. Laser diodes were also briefly discussed.

Basic techniques of micropatterning were presented and the need for low cost

maskless techniques explained.
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Figure 1.21: Jablonski energy diagram showing the different routes by which
energy is converted in an organic molecule. After [65].

The concept of nanoluminophores was introduced and explained. Nanocrystal
quantum dots and their beneficial luminescence characteristics were presented.
Also organic light emitting materials were introduced and the basis of their light

emission processes was schematically given.
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Chapter 2

Materials

This chapter will introduce the different functional materials used in this thesis
work. Some of the materials are off-the-shelf standard chemicals, while others
are custom-produced by the Pure and Applied Chemistry department of the
University of Strathclyde.

First the standard photoresist-type materials will be introduced. In this work,
they are not only used as normal photoresists, but also as the matrix in different
functional blend systems. As such, they not only provide the ability to pat-
tern these materials by photolithographic methods, but also give environmental
protection to the blended active material.

The second section will present the light emitting materials used. They are
divided into organic molecules and inorganic semiconductor nanocrystals. The ac-
cepted collective name for these nanoengineered materials is 'nanoluminophores’.
Applications for these materials will be briefly mentioned.

The last section will deal with nanocomposite materials consisting of the pre-

viously presented negative photoresists and nanoluminophores.
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2.1 Photoresist materials

2.1 Photoresist materials

Photoresists are materials which react in a controlled manner when exposed
to light of certain wavelengths. They are widely used in micro- and nano-
manufacturing with photolithographic, also called optical lithographic, techniques
(as presented in section . Most commonly, these techniques are used with a
photomask, a transparent plate with opaque areas (e.g., chrome metal areas on
transparent fused silica) that block light from shining through and thus create a
defined exposure pattern. With this method large areas can be patterned very
quickly and high yield is achieved. In small-scale patterning and prototyping,
single beam techniques such as laser direct writing (LDW) are also used to define
the pattern.

There are two types of photoresists, negative and positive (see figure . The
names derive from photography and they make a positive or a negative image of

the photomask on the substrate.

2.1.1 Negative photoresist

Negative type photoresists produce a negative image of a photomask, i.e., they
cure and become insoluble when exposed to light of appropriate wavelength, typi-
cally in the near UV spectral range (300-400nm) . Negative resists are often used
as etch masks, but can also be used directly for applications in e.g., waveguides
[2], microfluidics [3], and photonic crystals [4].

In this work, two different types of negative photoresist are used, namely
Norland Optical Adhesive (NOA), a commercial optical adhesive, and 1,4-cyclo-

hexanedimethanol divinyl ether (CHDV) with an added photo curing agent, a

45



2.1 Photoresist materials

Resist covered substrate

Positivi/ \ Negative

Development | s

Etch SO T |

Figure 2.1: Photolithography process flow for positive- and negative-type pho-
toresist. Negative photoresists form a negative image of the photomask after ex-
posure and positive form a positive image. After [I].

photoacid generator (PAG). The second system, which was developed in-house,

is referred to as high transparency polymer 3 (HTP3), the third in a series of

customised polymers.

Norland optical adhesives: NOA are commercial products mostly used as
adhesives in different applications, but as they cure with near UV light and are
easy to handle and store, they make ideal candidates for testing UV writing capa-
bilities. They come in several different types each with different characteristics,
such as viscosity, adhesion strength to different substrates, and temperature sta-

bility. The type most used in this work is NOAS81, which is a fast curing (low
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2.1 Photoresist materials

energy required for curing) polyurethane with excellent adhesion to glass and
other substrates. It is photo-sensitive over the near UV range with peak sensi-
tivity at 365 nm (the Hg i-line). The recommended dose for full cure is 2 J/cm?
and maximum bonding strength is reached after one week in room temperature
or 12 hours at 50°C. The viscosity at 25°C is 300 centipoise (cP) and spectral
transmission is above 90% in the visible range (down to 400 nm) (see figure

[5]. NOAS81 has been used for microfluidic channels [6] among other things.

itra- Visihle Infrared
violet Light
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Figure 2.2: The spectral transmission of a thin film of NOAS81. After [5].

High transparency polymer 3: 1,4-cyclohexanedimethanol divinyl ether (CHDV)
(molecular structure in is a clear low viscosity monomeric liquid, which is
bought from Sigma Aldrich. To make it light-sensitive, it is mixed with a photo-
sensitizer. In this work a PAG named p-(Octyloxy)diphenyliodonium hexafluoro-
antimonate (DAI-SbF6) (ABCR, Karlsruhe, Germany), is used for this purpose

as it was the only PAG tested that proved miscible in CHDV. The molecular
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{ SbFg

) *
oC

(a) Molecular structure of ~ (b) Molecular structure of DAI-SbF6.
CHDV.

Figure 2.3: HTP3 is composed of 1,4-cyclohexanedimethanol divinyl ether and
the PAG DAI-SbF6. After [7].

structure of the PAG can be seen in figure |2 DAI-SbF6 does not absorb
near UV light, but when exposed to UV light with wavelengths below 250 nm
the PAG releases an H"-ion that in turn starts a cationic polymerisation process.
This bonds the CHDV monomers together, by cross-linking the vinyl moieties, to
form a solid polymer. The process is depicted in figure 2.4, CHDV with added
PAG is referred to as HTP3 (high transparency polymer 3), as it was the third

material system developed in-house for high UV transparency applications.

¢ ¢
e r/)

PAG decomposition H further propagation O
SbFg

hv SbF;

\ ¢ <

Figure 2.4: The curing route for CHDV as the PAG decomposes. After [7].
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The transparency of CHDV is above 90% down to ~240 nm in a 20 um
cured film and above 99% in the visible to near UV spectral range for the same
thickness of film (see figure . It also has good miscibility properties, but
some mechanical properties of CHDV, such as shrinkage during curing are less
desirable [T, p.76-78]. The viscosity is low, 15 c¢ps, and due to this its film forming
characteristics are poor. The reason for this is the same as the reason for its high
transparency, being the lack of aromatic rings in the molecule and hence lack of

7 to 7 interactions [§].

100 |- e —————
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Figure 2.5: Spectral transmission for 20 pm film of NOA63 (black), 20 pym film
of 'Prepol’ (blue), and 20 ym film of CHDV (red) . After [7].

While curing, CHDV shrinks significantly. This creates tension between the
polymer and the underlying substrate, which adversely affects adhesion. Because

of this, special measures have to be taken when processing the material, as will
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be presented in section |3.4!

2.1.2 Positive photoresist

A photoresist of the positive type forms a positive image of the photomask it
is exposed through, i.e., the exposed resist material decomposes and becomes
soluble in a development solution or can be evaporated by heat treatment.

The positive resists used throughout this work are standard photoresists from
the Shipley Microposit S1800-series. They have good film-forming ability and
adhesion to most substrates, and are easy to use. They are optimised for Hg
g-line exposure (436nm), but work well in a broad spectral interval (350-450 nm)
[9]. The resist materials of the S1800-series have slightly different properties,
such as different viscosities for the formation of different film thicknesses when
spin casting, or with added dye for increased absorption to be used with highly
reflective substrates.

The two types used in this work are S1805 and S1818. S1805 forms films
of below 1 pm thickness when spin coated on a flat substrate, while the film
thickness of S1818 is around 2 pum (see figure . The recommended dose for
g-line exposure is 150 mJ/cm?; slightly higher than for i-line exposure.

The process used for the positive type Microposit photoresists is as follows:

1. The substrates are thoroughly cleaned in ultrasonicated solvent baths (ace-
tone, methanol, and iso-propanol) and subsequently rinsed in copious amounts
of water. Water and solvent residues are evaporated by placing the samples

on a hotplate at 110°C for at least 20 minutes.

2. The resist is spun at 2000 rpm for 30 seconds.
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Figure 2.6: Film thickness for different types of S1800-series photoresists plotted
against spinning speed. After [9].

3. A softbake is performed on a hotplate at 120°C for 60 seconds.

4. Exposure with an i-line source is performed, giving sufficient dose to locally

decompose the photoresist layer.

5. The sample is developed in Microposit Micro-Dev solution at 1:1 volume
ratio with DI water for 60 seconds while moving it gently at first and then

using more vigorous movements.
6. The sample is rinsed in DI water.

All processing steps are performed with low wavelength filtered illumination,
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2.2 Light emitting materials

i.e., yellow filters are used on the general illumination, to prevent exposure by

ambient light.

2.2 Light emitting materials

Light emitting materials are materials which absorb energy and emit it in the
form of photons. Photoluminescing materials absorb light in a certain wavelength
region and emit light at a wavelength (lower photon energy). The difference
between the two bands is known as the Stokes shift. Fluorescence occurs when
some of the energy from the absorbed photon is dissipated in the material before a
photon is emitted. This is typically a fast process, compared to phophorescence,
with a lifetime of 1-100ns. If a so-called triplet state (a state where the total
quantum mechanical spin of the system adds up to 1 and not 0 as in the singlet
state) is excited when the relaxation from the excited state occurs, the relaxation
to the ground state is quantum mechanically forbidden. This process, in which
the triplet state is relaxed, is known as phosphorescence and is a slow process.
The relaxation typically takes 1ms—100s (cf. figure . For high performance
light emitting organic devices, such as lasers, triplet states presents a problem

and effort is made to avoid exciting these.

2.2.1 Organic light emitters

Organic light emitting materials have been studied for a long time and electro-
luminescence was first reported from these materials in 1955 [10]. More recently
the materials have been used to make white light illumination sources [11] and

full colour displays [I2] which are now commercially available as TV sets and

52



2.2 Light emitting materials

computer monitors.

Poly(9,9’di-n-octylfluorene): The type of organic light emitting materials of
interest here are polymers and oligomers (small number of repeats of a monomer
unit) with conjugated m-bonds, meaning the molecules contain bonds formed by
partially delocalised electrons. This makes them have some properties in common
with semiconductor materials. The first light emitting material used in this work
is a light emitting polymer (LEP), poly(9,9’di-n-octylfluorene), more commonly
refered to as polyfluorene (PFO). The structure of the molecule can be seen in
figure . It has bright blue emission with a high photoluminescence quantum
yield, ~55% in thin film [I3]. However, a major disadvantage of PFO for practical
applications is that the molecule is very sensitive to photo-oxidation. The fluorene
oxidises and fluorenone moieties are formed, resulting in the peak of the emission
spectrum being shifted from blue to green [14], [I5]. The absorption spectrum
in figure shows a distinct peak at 384 nm corresponding to the 7 — 7*
transition. The emission spectrum has the expected peaks from the transitions

discussed in section [1.3.2]

Oligofluorene-functionalised truxenes: The star-shaped oligofluorene trux-
ene (simply referred to as 'truxene’ from now on) molecule can be said to be an
evolution of PFO, as the molecule’s building blocks are the same fluorene units.
The molecule consists of three arms of fluorene units, with a central truxene core.
The molecules are synthesised by adding the oligo-fluorene moities to the core,
the approach is called the divergent method (meaning that the syntesis starts

from the core and dendrimer is built outwards). The number of repeated fluorene
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Figure 2.7: Characteristics of PFO. After [16].

units outside the core is between one and four (denoted T1-T4). In figure [2.8| the
molecular structure of truxene can be seen and figure [2.9 shows a “three dimen-
sional” representation of the T3 molecule. With a radius of 3.9 nm, T4 was one

of the largest star-shaped conjugated systems known when it was introduced in

2004 [17].

Figure 2.8: Molecular structure of oligofluorene-functionalised truxene. The R
oligomer units have n = [1-4] repeats. After [17].
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2.2 Light emitting materials

Figure 2.9: “Three dimensional” representation of a truxene molecule with three
repeating fluorene units (T3).
Truxene has a very high photoluminescence quantum yield (®¢y = 86% for T4
in toluene solution and @4y = 59% in a thin film) and bright blue emission [17].
The band gap, i.e., the gap between HOMO and LUMO (as described in section
, in T4 is estimated from the red edge of the absorption spectrum to be 3.05
eV. As the arm lengths are increased both the absorption and emission spectra
are redshifted as can be seen in table 2.1l This is due to the excited electron

being free to move along the fluorene backbone and thus able to minimise its

95



2.2 Light emitting materials

energy before relaxing in a vibrational transition. This can also be understood

in the sense of quantum confinement, equivalent to the case quantum dots.

Table 2.1: Absorption and emission wavelengths and photoluminescence quantum
efficiencies for truxene derivatives T1-T4 in toluene solution and in films [17].

Aabs(Nm) — Agps(nm) Apr(nm) Apr(nm) Opr, ®pr,
(toluene) (film) (toluene) (film) (toluene)  (film)
T1| 343 343 375, 396, 416 380, 398, 419 070 0.43
T2 360 359 399, 422, 443 404, 425, 449 0.83 0.51
T3 | 370 360 408, 431, 460 417, 436,462 083  0.60
T4 374 372 411, 436, 460 422, 442, 467 0.86 0.59

The emission spectra for the compounds T1-T4 (figure show the same
characteristics, with the three vibration peaks, as PFO. The conjugation between
fluorene units is found to increase with increasing number of fluorenes, though
there is seemingly a saturation of this conjugation at approximately four repeated
units [18].

While PFO often has defects and impurities and has various chain lengths,
truxenes are monodisperse with uniform molecular structure and molecular weight.
They are also extremely chemically pure. Compared to PFO this makes the
truxenes more environmentally stable and hence easier to process. They are also
thermally stable, up to 400°C [I7]. After heat treatment up to 200°C in air they
show the same photoluminescence and quantum efficiency. However, like PFO,
they are sensitive to photo-oxidisation, i.e., on excitation they react with oxygen
and a fluorenone unit is formed in the place of a fluorene unit.

By spinning a solution of oligofluorene truxene, T4 in this case, onto a grating
and pumping it with a optical parametric oscillator at 375 nm, a distributed

feedback laser has been realised [19].
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Figure 2.10: Emission spectra for the four truxene derivatives T1-T4 in solid
films, showing the respective emission maxima and vibronic features.

2.2.2 Nanocrystal quantum dot emitters

Quantum dots are three dimensional semiconductor nanostructures where the
length scale of the structure is below the exciton Bohr radius (the mean phys-
ical separation between the electron and the hole in the ground state). This
causes the conduction and valence band structure of the semiconductor to form
discrete energy levels mimicking an atom, hence quantum dots have been called
"artificial atoms’. This phenomenon is known as quantum confinement, which is
also the principle behind quantum wells and quantum wires, in one and two di-

mensions, respectively. The gap between energy levels increases as the structure
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2.2 Light emitting materials

gets smaller, thus allowing for the engineering of the absorption and emission
wavelengths.

Quantum dots can be produced epitaxially or via chemical methods in discrete
nanocrystal (NC) form. In the following focus will be on the NCs. Because of their
high quantum yield (typically 30-50%), environmental stability, high bleaching
threshold, broadband absorption spectrum, and narrow and tuneable emission
wavelength NCs have been used in various applications such as optoelectronics
[20, 21], photovoltaics [22], 23] and colour conversion for white light generation
[24, 25]. The QD NCs can also be surface modified [26] and be used in selective

biological labelling [27].

Cadmium selenide/Zinc sulphide core-shell quantum dots: The mate-
rial system used in this work is a II-IV compound that consists of a cadmium
selenide (CdSe) core capped with a zinc sulphide (ZnS) shell. While NCs with
only a CdSe core can be used the addition of a shell greatly enhances the stabil-
ity and the quantum yield of the quantum dot by reducing surface traps [28]. A
schematic representation of a CdSe/ZnS quantum dot is shown in figure m

A synthesis route for this type of quantum dots is described in [30]. First the
CdSe NCs are synthesised by pyrolysis of organo-metallic precursors, contain-
ing cadmium and selenium, in a coordinating solvent, trioctylphosphine oxide
(TOPO). The CdSe quantum dots are formed at a temperature between 290°C
and 360°C. The temperature and time given for the growth determines the size of
the nanocrystals. The dots are precipitated size-selectively using methanol and
then redispersed in hexane. The ZnS shell is then added by heating the TOPO-

capped CdSe nanocrystal solution to a temperature ranging from 140°C to 220°C,
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Shell (ZnS)

Core (CdSe)

Figure 2.11: CdSe/ZnS quantum dot. Image from Evident Technologies Inc.
[29].
depending on the size, and adding the zinc and sulphide precursors drop-wise in
an inert atmosphere while rigorously stirring the mixture. The solution is then
cooled down to 90°C and kept stirred for several hours. Before use, the core-shell
quantum dots are percipitated using methanol and redispersed into the desired
solvent.

The colloidal nanocrystals purchased from Evident Technologies are delivered
monodispersed in toluene [29]. In addition to the ZnS shell, they have a capping
of organic ligands to prevent aggregation and to maintain their beneficial photo-
luminescence properties. For some applications, the ligands can be modified so
that the nanocrystals are miscible in other solvents, e.g., water. The ligands can
also be functionalised with e.g., carboxyl or amine groups [31]. The spectra of the

CdSe/ZnS quantum dots can be seen in figure and some key characteristics
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Figure 2.12: Spectra for colloidal CdSe/ZnS quantum dots of different sizes in
toluene solution. From Evident Technologies Inc. [29].

are listed in table 2.2

Table 2.2: Some key characteristics of EviDots. Ref. [29]

NC Aabs 158 peak Ao peak  FWHM  Conc.
(nm) (m)  (am)  (mg/mi)
Lake Placid Blue 462 481 <40 0.29
Adirondack Green 513 526 <35 1.19
Hops Yellow 542 561 <30 1.3
Maple Red-Orange 591 610 <30 1.77

2.3 Composite materials

To provide processability and environmental protection, the approach taken is
for the photoluminescing materials to be blended with photocurable (matrix or
host) materials. The aim is to maintain the beneficial photo-characteristics of the
luminescent materials described above, while adding the ability to photo-pattern

the materials.
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2.3.1 HTP3/Truxene

CHDV is a good candidate for mixing with oligofluorene truxenes, because trux-
ene is, like PFO, completely miscible in CHDV [7, p.87] and since the CHDV
lacks aromatic rings, there are no m — 7 interactions that can otherwise cause
solvatochromic shifts (shifts in emission and absorption spectra depending on the
solvent the material is dispersed in) in conjugated light emitting materials [32].

The DAI-SbF6 PAG (figure normally has very low absorption in the
1-line region, but a photo-induced electron transfer process between the truxene
and PAG (figure enables curing with near UV exposure. The process starts
when a photon is absorbed by a truxene molecule and an electron is lifted from
highest occupied molecular orbit (HOMO) to the lowest unoccupied molecular
orbit (LUMO). Subsequently a photo-induced electron transfer (PET) to the
PAG occurs and causes the release of a H"-ion from the PAG [8, supplementary
information].

The spectra for T4 in film, in toluene solution, and in a CHDV matrix (figure
show a slight broadening of the emission peak in the CHDV matrix com-
pared to in toluene solution, indicating that the T4 molecules are pseudo-solvated
and monodisperse in the matrix [§].

The CHDV matrix shows evidence of protecting the truxene molecules from
photo-oxidation, which normally is a big problem for organic light emitting ma-
terials. In figure the PL spectra of T4 in pure film and in a CHDV matrix
are shown. Figure [2.15(a)[ shows the two initial spectra to be roughly the same.
After 2 hours of UV illumination at 365 nm giving a dose of 187.2 J/cm? to both

samples. The protection provided by the matrix can be seen clearly in the differ-
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Figure 2.13: The energy transfer process from T4 to PAG. After [§, supplemen-
tary information].

ence between the two spectra in figure . The spectrum from the pure film
is completely dominated by the oxidation peak in the green, while the CHDV
protected structure remains dominated by the blue emission. The spectra are
normalised with respect to the peak for clarity. The total emission intensity from
the pure film is reduced by one to two orders of magnitude. The total emission
intensity from the CHDV structures is also reduced by photo-bleaching, but to a

much lower degree.

Experimental: To make the nanocomposite, the following recipe is used:
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Figure 2.14: Absorption (solid lines) and emission (dotted lines) spectra for T4
in solid state (black), in toluene (red), and in CHDV matrix (blue). After [§].

1. The appropriate amount of dry truxene (powder) is measured with high

precision scales (0.1 mg precision) in a small glass vial.

2. CHDV monomer is added to make up the desired weight ratio (0.1-10 wt-
%).

3. The blend is mixed thoroughly to dissolve the truxene powder, with the
assistance of an ultrasonic (US) bath. When no solid truxene can be seen

it is assumed to be fully dissolved in the CHDV monomer.

The resulting solution is stable and can be stored in the dark and in a refrigerator

(~5°C) for months. Before use, the PAG is weighed and added to the blend at
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Figure 2.15: Spectra before and after the exposure dose of 187.2 J/cm? at 365
nm. Normalised to the peak intensity. After [8, supplementary information].

ratios of 0.1-1 wt-%.

For the exposure procedure see section [3.4]

After the exposure, development is done very gently in a toluene bath. The
adhesion of the CHDV/truxene structures to the glass substrate is poor (the
whole structure was transferred in an “adhesive-tape transfer test”, indicating
good structural rigidity but poor adhesion) and can easily be washed off during
the development if the substrate is moved around too vigorously. The toluene is

subsequently washed off in a DI water bath.

Applications: These materials have been used for making waveguide type
structures on glass substrates [§] (more on this in section and for inkjet
printing of colour converting structures on micro-pixel LEDs [33]. In a previous
report a CHDV/PFO blend was used for colour down-conversion on a striped

micro-LED by a self-aligned process [34].
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2.3.2 NOA/QD

The CdSe/ZnS quantum dots are relatively environmentally stable and not as
sensitive to oxidisation as the organic materials presented, but cannot be readily
micro-patterned. There have been several suggested solutions for this, such as
using peptides as molecular linkers to site-selectively attach to surfaces [35] and
incorporating the nanocrystals in photocurable polymers [36, 37, [38] [39]. This is

also the technique used here.

Experimental: Quantum dots with the provided surface ligands are not di-
rectly miscible in NOAS81, therefore some measures had to be taken to enhance
the miscibility.

The process used for blending quantum dots with NOASI is as follows:

1. The quantum dots suspended in toluene are mixed with a small amount
of CHDV and agitated in an ultrasonic bath for 30 minutes. The CHDV
is believed to facilitate the dispersion of the quantum dots in the final

composite.

2. The UV sensitive NOA polymer is weighed and added to the solution. The
mixture is agitated for 1 hour in an ultrasonic bath. Due to the toluene in

the solution, the viscosity is low and spin-coating is not possible.

3. To evaporate the solvent the blend is heated on a hotplate at 180°C for
several hours with occasional application of a vacuum pump to increase
the evaporation rate. After every full hour the solution is cooled under
tap water to test the viscosity, more frequently when the viscosity starts to

mcrease.
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The resulting solution is a high viscosity nanocomposite with relatively good
film-forming qualities. It can be photo-patterned by exposure with i-line light.
The curing process seems to be ongoing while the nanocomposite is stored in

the dark in a refrigerator and after one to two weeks it is gel-like and cannot be

processed.
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Figure 2.16: Absorption and emission spectra of nanocrystal composites in cured
films.

By comparing the spectra from the nanocomposites in figure [2.16] with the
spectra of nanocrystals in toluene solution in figure it can be concluded
that emission and absorption characteristics of the quantum dots are largely un-
changed by incorporating them in the negative tone photoresist. The absorption
spectra were taken with a UV-VIS Cary spectrophotometer on spun films. The

film thicknesses were measured with a stylus profilometer. A Perkin Elmer LS
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50B spectrometer was used for the emission spectra.

Applications: The quantum dot nanocomposites have been used for colour

down conversion applications [40] that will be presented in Chapter [5|

2.4 Summary

The materials that are the basis of this thesis work have been presented.

The commercial negative and positive photoresist materials were first intro-
duced and the principles by which they function explained. Negative photoresists
become insoluble when exposed to the light of proper wavelength, while positive
resists become soluble. Thus they form negative and positive images respectively.
Two negative-type photoresists were focused on, namely NOAS81 (an optical ad-
hesive with beneficial mechanical and optical properties) and CHDV (a divinyl
ether with for this work beneficial miscibility properties).

Luminescent materials, in particular organic light emitters based on polyfluo-
rene and inorganic semiconductor nanocrystals (quantum dots), were introduced.
Some main characteristics, spectral and quantum yeild data were given and their
advantages and disadvantages were briefly discussed.

Methods used for producing custom blend materials based on negative-type
photoresists and nanoluminophores were presented and their applications men-

tioned.
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Chapter 3

Laser Direct Writing

This chapter will introduce the basic principles of laser writing with a Gaussian
beam and present results achieved with a home-built laser-direct writing setup.
First the setup will be presented and characterisation measurements given, then
writing results for some different photoresist based material systems will be given.

Laser direct writing has been used for a long time to rapidly prototype and to
produce e.g., waveguides [1], conductive copper patterns [2], and photonic crystals
[3].

The objective in this work was to build a relatively inexpensive laser writing
setup capable of patterning novel material systems developed by the Department
of Pure and Applied Chemistry at Strathclyde University. The goal for the res-
olution was a few pm and computer control of the writing was required. Sample
scanning rather than beam scanning was chosen because of simplicity and the
larger writeable area available with this technique, the main disadvantage being
lower writing speed. A semiconductor laser operating at 375nm (close to the Hg

i-line at 368nm commonly used in photolithography) was chosen for low cost and
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3.1 Laser direct writing theory

sufficient power. With custom circularising and collimating optics the output

beam can be approximated to a Gaussian beam (see figure [3.1(a))).

3.1 Laser direct writing theory

Laser light can cause a change in photosensitive materials if an energy density dose
over a certain material specific threshold is delivered to the material. By directing
the laser beam in a controlled manner on the sample, a pattern can be produced.
There are two ways of controlling where the laser beam hits the sample, either the
beam is directed or the sample is moved during the exposure. The first approach
is more complicated but allows for fast scanning and very precise control. The
most common way to achieve this is to use movable mirrors, which the laser
beam is reflected from. When using a microscope objective (something that is
advantageous for various reasons, which will be discussed later) to focus the laser
beam this technique can only pattern an area the size of the field of view of the
objective. As there is a trade-off between the field of view and the resolution
(or numerical aperture) of objectives this is a problem. The alternative is to
move the sample under the static laser beam. With this technique the resolution
and patternable area are mainly decided by the translation stages used for the
movement. The scanning speed is generally lower with this approach, but for this
work this is not an important factor and this is the technique chosen.

The shape of the laser beam will affect the resulting structures in laser direct
writing. Throughout this chapter a Gaussian beam profile will be assumed and
beam profile measurements support this assumption. The two dimensional inten-

sity profile of a Gaussian beam is described by the equation f(z,y) = e~ (@ +y?)
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(a) Gaussian beam in two dimensions. (b) Theoretical model of laser

writing in negative type photore-
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Figure 3.1: Images showing schematics of laser writing with a Gaussian beam.

a graphical representation of which can be seen in figure |3.1(a)}

When a Gaussian beam illuminates a photosensitive polymer through a trans-
parent substrate, the profile of the cured polymer can be modelled in accordance
with figure [3.1(b)} if the beam is focused at the interface between the substrate
and the polymer. The calculations are based on the theory for the profile of cured
photo-polymer presented in [5] and the theory of focusing a Gaussian beam pre-
sented in [6], but adapted for use of a microscope objective instead of a single
lens. Apart from the laser beam being Gaussian, it is also assumed that the

—al where T is

polymer obeys the Beer-Lambert Law of absorption (7' = % =e
the transmission, I is the intensity after the travelled distance [ in the material,
Iy is the initial intensity, and « is the absorption coefficient of the material) and

that there is a threshold exposure dose above which the resist material cures.

The intensity distribution in a focused Gaussian beam, with total power P
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3.1 Laser direct writing theory

and 1/e*-Gaussian halfwidth rg, is described by

2P 2(z* + y?)
Ig(x,y,z) = W_Tgeﬂﬂp[ - W]

(3.1)

where

ro(2) = ro,m,-n\/l + ( s )2 (3.2)

TTO min
where 7 min is the smallest spot size (at z = 0) for a beam propagating in the
z-direction. There are many ways of estimating the smallest possible (diffraction
limited) spot size. Here we assume the smallest spot size to be given by the
resolution limit of the optical system, i.e., the Rayleigh criterion stating that two

points can be resolved if their distance is larger than the radius of the Airy disk’s

0.61)\

~i» where A is the laser operating wavelength and

first minimum given by d =
N.A. is the numerical aperture (= nsin(f), where n is the refractive index of the
propagating medium (=1 for air) and 6 half the acceptance angle to the objective

used) of the microscope objective used.

Further, the intensity at the depth z is given by

I(z,y,2) = I,(z,y, z)exp|[—az] (3.3)

The dose given at each point when the sample is scanned under the laser beam

along the x-axis at a velocity, v, is expressed as

E(z,y,2) = /_OO I(x —vt,y, z)dt (3.4)

[e.9]
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3.1 Laser direct writing theory

Solving the integral for z = 0 gives

= —\/§P 62(y/TO,min)2
ﬁrﬂ,minv

This is the energy dose delivered at the interface between the resist material

E(z,y,0) (3.5)

and the transparent substrate.
When E(z,y, z) is over a threshold value, Fy, the polymer is solidified and

the profile of the resulting cured polymer can be described by

o T0,min 2 P
y(z) = NG \/1n <\/;Eoro,mmv> —az (3.6)

or

0= (2l - (22)) 57)

a and FEjy are material specific constants and can be experimentally deter-
mined.

The general shape of the solidified polymer according to the above can be seen
in figure |3.2 The polymer is exposed from above and moved in the x-direction.

The z-resolution or depth of focus is defined by the Rayleigh range, +zp, at
which distance from z = 0 (where the width is minimum) the beam area is twice
that of the minimum or equivalently the beam radius, rq = V2 x T0,min- Put into

equation [3.2 this gives the Rayleigh range

wr2

2o = 2— 3.8
2R \ (3.8)

The spot size and the Rayleigh range define the smallest possible dimensions
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X(@.u) Y(a.u.)

Figure 3.2: The theoretical profile of cured polymer. The laser beam is exposing
the polymer from above and the sample is moved in the x-direction.

for the cured volume element (voxel) when curing a photosensitive polymer with

a Gaussian beam by direct laser writing.

3.2 The laser direct writing setup

Images of the laser direct writing (LDW) setup are shown in figure [3.3]

The setup consist of:

e An InGaN based diode laser operating at 375 nm (Laser2000 Ltd). It has
an output power of ~15 mW in continuous wave (CW) operation and is

fitted with circularising and collimating optics.

e A variable neutral density filter (from Thorlabs), with optical density rang-
ing from 0 to 100, to attenuate the laser power and thus control the exposure

dose for a given exposure duration.
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(a) Photograph of the laser writing setup.

CCD camera
PC
Dichroic
White LED rmirror ND fi
iiter
Beam
expander | wheel
Beam-
splitter .
cube Shutter Laser
Microscope
objective
Sample

Translation - z_f'
stage
(b) Schematic image of the laser writing setup.

Figure 3.3: Laser writing setup
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A mechanical shutter (SHO5 from Thorlabs), with a minimum open time of

10ms.

e A beam expander (from Thorlabs) to expand the laser beam diameter three

times and fill the back aperture of the microscope objective.

e An interchangeable microscope objective (Nikon infinity corrected), mounted
on a piezo translation stage (P-725.4CD with E-665 controler from Physik
Instrumente (PI)) with a sub-nanometer movement resolution and a manual

stage for coarse translation to focus the laser beam onto the sample.

e XY translation stage (2 x M-112.1DG from PI), with repeatability (effective
resolution) of ~0.1 pum in each direction and maximum velocity of 1.5 mm/s

in any direction.

e A CCD camera (JVC TK-C721EG) and UV-filtered white light illumination

to image the sample.

e A computer with LabView™ software to control the shutter and the stages.

3.2.1 Software control

LabView™ control of the stages and the shutter provides the ability to create two-

dimensional patterns with automation. Several different LabView ™

vi-programs
were written for the control of the stages. The most basic program (screen shots
in appendix draws a straight line between the origin and a given point at a
constant given velocity. The program first reads the end point (input position)

and the start point (current position), then calculates the distance between the

two points in X and Y direction then sets the speed for the travel in each direction
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3.2 The laser direct writing setup

such that they will add up to the given velocity and reach the destination at the
same time. The program also has an option for synchronising the shutter with
the movement. When enabled this will open the shutter a few tens of milliseconds

before the movement starts and closes it just after the movement stops.

3.2.2 Characterisation

0.61A

i, as discussed

The theoretical resolution limit of the system is given by d =
in section The numerical aperture (IN.A.) of the Nikon Plan 20X microscope

is 0.40 and the laser wavelength is 375 nm, hence the smallest spot size is d =

0.61x375nm

5.40 = b72nm and the Rayleigh range is 2zp = mX(T2nm)t 5.48um.

375nm
However since the laser beam is not truly single mode the actual spot size will be
bigger.

The setup was characterised regarding e.g., spot size and optical power deliv-
ered.

The power was measured with a calibrated powermeter (Coherent FieldMax)
with the sensor placed at the sample position. The neutral density filter wheel is
graded in degrees with the maximum optical density at 360° and the 0-90° sector
being transparent. Figure|3.4]shows the optical power as measured at the sample
position. The values range from 285 yW to 3.3 pW. With the shutter minimum
open time being 10 ms, this means the minimum energy in one exposure is 33 nJ.

To measure the spot size, a knife-edge type technique was applied. A grating
with alternating transparent and reflective areas was used. The pitch of the

grating is 25 um divided evenly between reflective and transparent areas. The

laser beam was focused on the grating, which was slowly translated in a direction
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Figure 3.4: The optical power measured at the sample position dependence on

the position of the neutral density filter wheel.
perpendicular to the grating alignment (figure . The transmitted optical
power was measured with the powermeter. The resulting plot can be seen in
figure[3.6(a)] Because the edge of the grating is well defined, the spot size is given
by differentiating the rise and falls of the plot. The resulting envelope can with
reasonable accuracy be fitted to a Gaussian curve (as can be seen in figure
and by doing this the 1/e-half width of the focused spot can be calculated. The
curve fitting and the calculations were done with Origin™ software. By rotating
the grating and the translation direction 90°, the spot size in the perpendicular
direction was also measured. In one direction the average value was 0.8 pm and

in a perpendicular direction the average was 0.9 ym. This indicates as expected
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25 pm

| ; ETransIation
direction

Figure 3.5: Schematic of the focused laser beam on the grating.

that the beam was not symmetrically Gaussian. The measured spot size is in
reasonable agreement with the theoretical diffraction-limited spot size of 0.57
pm. Reasons for this discrepancy include the beam quality from a laser diode
(see section sec:laserdiode), which can not be fully corrected for with lenses, and
minor misalignment in the setup.
By combining the optical power and spot size measurements, the intensity at
the focus can be expressed (cf. equation as:
I,(r) = 25 exp[ — 2(2712)} (3.9)

T min Tmin

With 7, = 0.8 um and P = 285 uW, the maximum value of the intensity

1s:
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Figure 3.6: Beam profile and spot size measurements. X-axis is the sample
position given in 1/10 pm.

86



3.2 The laser direct writing setup

2 X 285uW

s 283 W/ um? = 28.3kW /cm?

Ig(o) =

To calculate the average intensity in the 1/e?-radius the power inside the

radius is first calculated as

27 rmm
/ / r)rdrdf =

2P 27 Trmin
/ / exp — —] rdrdf

2r% ds 4r 2
A

27rP
27

(" —e?] =P(1—e7?)

i.e., 86.5% of the total power is within the 1/e-radius (see figure and the

average power inside the radius is

0.865 x 285uW

Py =
g 7(0.84m)?

= 122uW/pum? = 12.2kW/cm?

This means that the required dose for curing e.g., Norland Optical Adhesive
1 (NOASI, section [2.1.1)) is reached in just 0.33 ms, which is shorter than the
minimum open time of the shutter. This explains the need for the ability to

attenuate the laser power.
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Figure 3.7: Schematic showing the Gaussian intensity distribution (blue) approx-
imated to a 'flat top’ (red) intensity profile. Arrows show the 1/e?-radius.

3.3 Norland optical adhesive writing

Initial testing of the system was done using a Norland Optical Adhesives neg-
ative tone photoresist (presented in detail in section [2.1.1]) on borosilicate glass
substrates. The good spinning properties, fast cure, and excellent adhesion once

cured, makes NOA ideal for testing the laser writing system.

3.3.1 Experimental

Laser writing patterns in NOA on glass substrates were made by the following

experimental process:

1. The borosilicate glass cover slide was thoroughly cleaned in an ultrasoni-
cated acetone and methanol bath, and rinsed in deionised (DI) water. The

substrate was then spun dry and was put on a hotplate at 120°C for 15
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3.3 Norland optical adhesive writing

minutes to evaporate solvent residues.

2. The substrate was placed on the chuck of the spin coater and NOA was

carefully dropped on the substrate, with care taken to avoid air bubbles.

3. Spin coating was performed at speeds ranging from 4000 to 8000 rpm for
30-60 seconds to give different thicknesses of the NOA film.

4. The NOA-film-covered substrate was placed directly onto the translation

stage.

5. Laser exposure was done by opening the shutter for a determined duration

and/or by moving the stage in a determined pattern.

6. Development was done by immersing the substrate in acetone and moving
it gently for approximately 30 seconds and subsequently rinsing in first

methanol then DI water.

7. The substrate was dried gently with a flow of air or nitrogen.

Solvents were used as bought from Sigma-Aldrich without further purification.
The cleaning process is critical for the adhesion of the cured structures. Dust and
other contaminations on the substrate surface not only compromise the quality of
the spun film but may also cause the pattern to release from the substrate during
the development process. The film thickness after the spin coating is primarily
dependent on the viscosity of the photopolymer, but also on the spinning speed
used. 8000 rpm is the highest speed of the spin coater and the speed most
commonly used for thin films. For the exposure the sample is placed directly

on the translation stage, which is then slid under the microscope objective. To
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find the optimal focus the laser beam at maximum attenuation is directed to a
corner of the sample and the microscope objective is translated first with the
coarse manual stage and then finely tuned with the high precision piezo stage
until the reflected spot imaged by the camera is as small as possible. The writing
was mostly done with help of the LabView™ vi-programs described earlier in
this section. The opening and closing of the shutter is synchronised with the
movement of the motorised translation stages. The development process was done
in a small glass beaker filled with acetone, as this is the solvent recommended for
removing uncured residue by Norland products [7]. It was the solvent which gave
the best results when compared to methanol and toluene. After ~30 seconds
development in acetone, the substrate is rinsed with methanol and deionised
water. After being dried in a flow of air or nitrogen the sample is ready for
characterisation. Before performing stylus profilometry (where a pointed stylus
is moved over the surface of the substrate and the LDW structures) the pattern
is allowed to set for 24 hours or is postbaked on a hotplate at ~100°C for one

hour to reach maximum bond strength.

3.3.2 Results

Characterisation of the produced patterns was performed with optical microscopy,
stylus profilometry (Dektak), and atomic force microscopy (AFM).

The lines in NOAG63 in figure [3.8] were produced with a delivered average
optical laser power of 56.7 uW and a stage velocity of 1.5 mm/s. This gives a

maximum exposure dose in the centre of the line (calculated by putting y = 0 in

equation of:
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) 4000 rpm. ) 5000 rpm. ) 6000 rpm. ) 7000 rpm. ) 8000 rpm.

Figure 3.8: LDW lines in NOAG3, as a function of film thickness (defined by spin
speed).

. V2P . V2 x 56.7TuW

VT min V7 x 0.8um x 1500um/s
= 37.TnWs/um? = 3.77J/cm?

The spinning speed was varied for the substrates for each line from 8000 rpm

to 4000 rpm in figure [3.8(e)| to [3.8(a)} respectively. The height and the width of

the LDW line structures are given in table The heights were measured by

Dektak profilometer and the widths were determined from optical micrographs

JTM

with Image software and using a graticule for calibration.

Table 3.1: Some characteristics of the lines written in NOA63 shown in figure

4000 rpm 5000 rpm 6000 rpm 7000 rpm 8000 rpm
Height | 4.0 um 3.6 pm 3.2 pm 2.8 pm 2.2 pm
Width | 16 pm 22 pm 17 pm 14 pm 18 pm

While the height of the laser written structures has a clear dependence on the
spinning speed, the width is decided by the z-position of the laser beam focus.
As calculated earlier, the Rayleigh range is 5.48 um, meaning that if the focus is
misaligned with the substrate surface by 2.74 pm, the spot diameter and hence

the cured structure will be ~1.41 times bigger. The structures in figure were
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3.3 Norland optical adhesive writing

written before the acquisition of the piezo driven Z-translation stage and the
difficulty in manually adjusting the focus accounts for the variations in width for
the lines.

As an attempt to write narrow lines, NOA61, which has a lower viscosity than
NOAG63, was used. The film was spun at 8000 rpm on borosilicate glass giving
an approximate film thickness of 800 nm. In figure [3.9, an AFM image of the
resulting line is shown when using a writing speed of 1.5 mm/s and a total power

of 27 uW, corresponding to a maximum dose of 1.6 J/cm?.

500 —
400 —

300 —

Height (nm)

200

100 —

0 [ [ [ [
20 pm 0o 2 4 6 g 10
Width (um)

Figure 3.9: Atomic force microscope image of a LDW line in NOAG61 on a glass
substrate and the surface profile from the narrow region.

The line width of the laser written structure in the imaged 20 pm x 20 pm
region ranges from 1.6 pum to 3.0 pm and the height of the line structure is 550-800
nm.

Figure [3.10] shows a test pattern of dots in NOAS1 aligned with a micro-LED
array. The LabView™ program used for this pattern is described in section
in the appendix. NOAS81 was spun directly on the device with a spinning speed

of 4000 rpm. Exposure was done for 20 ms with a total laser optical power of 120
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3.4 Truxene nanocomposite writing

Figure 3.10: Test pattern of dots in NOAS81 aligned with a micro-LED array.

1W, the spot diameter was defocused to approximately match the pixel diameter,

which is 20 gm, giving an exposure dose of 1.5 J/cm®.

3.4 Truxene nanocomposite writing

The ability to accurately pattern light-emitting materials is important for many
applications, such as single photon sources [§, 9], waveguides, and lasers. There
have been reports on incorporating nanoscaled inorganic materials into organic
photoresists [10, 11} [12], and here we extend such studies to include the oligofluorene-
functionalised truxenes.

Fabricating waveguide structures in truxene blends can play an important role
in realising functioning lasers from these materials. Current organic lasers often
use only a grating to provide the feedback, a waveguide structure in addition to

this could reduce laser threshold and increase efficiency.
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Another application is for truxene blend structures to work as colour down-

converting structures on micro-LED arrays [13].

3.4.1 Experimental

As organic light emitting materials are generally not compatible with standard
photolithographic processes [14], patterning them constitutes a major technical
challenge. In this section nanoscaled organic light emitters, oligofluorene truxenes
(presented in detail in section , are blended with a negative tone photoresist
material, CHDV (section 2.1.1)), as described in section [2.3.1]

- Laser beam
T

———— Laseroptics

_ Substrate

~ | Laser written chalice
structure

T CHDV/ T4 blend

_ PTFE basin

~.Translational stage

Figure 3.11: The sample setup when writing through the substrate.

The CHDV material is highly transparent in the UV spectral region (see
figure , a desirable property when photopumping the light emitting material

with an UV source. The truxene materials are also miscible in CHDV. The
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3.4 Truxene nanocomposite writing

reason for this is the absence of aromatic rings (present in most negative type
photoresists) and m — 7 interactions. However, this also causes low viscosity (5.62
cP [15]), which is detrimental to the film-forming properties. When CHDV is spun
onto a glass substrate it is immediately dewetted and therefore an alternative
method had to be used to pattern the CHDV/T4 blend on glass substrates.
In the method chosen, the exposure is made through the transparent substrate
into a liquid basin of the nanocomposite material. The setup can be seen in
figure The polytetrafluoroethylene (PTFE) block contains a shallow basin
where the nanocomposite is pipetted, with care taken to avoid air bubbles. The
borosilicate glass coverslip is then carefully placed over the basin, again with
care taken not to trap any air under the substrate. The PTFE block is then
placed on the translation stage and the exposure is performed. Because of the
photoinduced electron transfer (PET) discussed in section [2.3.1] the curing of the

nanocomposite occurs very rapidly.

3.4.2 Results

For comparison, three different concentrations of T4 in CHDV were tried, being
0.5 wt%, 1.0 wt%, and 5.0 wt%, respectively. 1.0 wt% of photo acid generator
(PAG) was used throughout these experiments, unless stated otherwise. Four
lines written at 40 W, 80 uW, 120 pW, and 160 uW optical laser power (as
measured at the sample position), respectively, were written on each substrate.
Associated micrographs of the sample with 1.0 wt% T4 can be seen in figure
3.12l The writing speed was 1 mm/s throughout. The micrographs were taken

using a Nikon Eclipse TE2000-U inverted microscope with a 20X/0.5 N.A. Plan
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3.4 Truxene nanocomposite writing

Fluor objective. The fluorescence mode microscopy images were taken under
illumination from a mercury lamp with peak emission at 365 nm and a UV-
2A filter cube is used to filter out the excitation source. They show uniformly

distributed blue photoluminescence from the T4 truxene.

Figure 3.12: Micrographs of LDW lines in normal (a) and fluorescence (b) mode.
1.0 wt% T4 and 1.0 wt% PAG concentration. The laser is power is V&I‘led, from 40
uW, 80 W, 120 uW, to 160 uW going from left to right.

The dimensions of the laser direct written structures at different T4 concen-
trations and laser powers can be seen in table The widths are measured from

JT™™ software using a graticule as reference.

micrographs with Image

The scanning electron micrographs (SEM), which can be seen in figure m,
were taken by first evaporating carbon on the laser written structures and the
substrate with a BAL-TEC CED 200 carbon evaporator. This was done to add a

conductive layer to the insulating laser written structure and substrate to avoid

charging the substrate with the electron beam. This would otherwise distort the
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3.4 Truxene nanocomposite writing

Table 3.2: Line widths for different laser powers and concentrations of T4 in
CHDV.

Laser power | 0.5 wt% T4 1 wt% T4 5 wt% T4
40 mW 35 pm 35 pum 50 pm
80 mW 45 pm 90 pm 80 pm
120 mW 70 pm 70 pm 100 pm
160 mW 90 pm 95 pm 120 pm

images by deflecting the e-beam. The images in figure [3.13| were then taken with
a FEI Sirion field emission SEM. The SEM images show “three dimensional”
images of the written structures. As can be seen the shape of the structures
do not follow the outline suggested by the theoretical calculations in figure [3.2
The reason for this is hinted at in figure |[3.11] as the focal point actually occurs
well inside the CHDV /T4 blend, instead of at the interface between the blend
and the substrate. This together with the beam shape and the absorption causes
the ’chalice shape’. Predicting the exact shape of the cured structure is however
difficult as it depends on other factors than the laser beam, such as migrating
behaviour of polymerisation centres (diffusion of low molecular weight molecules
with ongoing polymerisation) from the illuminated area. Also the development
can affect the final shape of the structures. However the structures are well

defined and have smooth side walls with high aspect ratios.

The thin patches seen for instance in figure |3.13(c)|and [3.13(d)| are residues of

the CHDV /T4 composite due to incomplete wash-off. The slightly larger features
at the end of some of the lines are due to a time lag between the stopping of the

motion and the shutting of the computer-controlled mechanical shutter.
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3.4 Truxene nanocomposite writing

(a) Image showing the 0.5 wt% T4 sam-  (b) Image showing a close up of the line
ple with four lines written at 160 pW, 140  written at 40 pW with 0.5 wt% T4 in
W, 80 uW, and 40 uW from left to right. ~ CHDYV blend.

(c) Image of the line written at 40 pW  (d) Image showing the line written at 40
with 1.0 wt% T4 in CHDV blend. uW with 5.0 wt% T4 in CHDV blend.

Figure 3.13: Scanning electron micrographs of laser written lines in CHDV /T4
blends.

A Lissajous pattern, defined by

x = Asinat + 9,y = Bcosbt (3.10)

with A=B, a=5, b=4, and 6=0, laser written in the nanocomposite can be seen
in figure It was used because it contains many intersections so that the

behaviour of the curing can be studied when exposing areas which have already
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3.4 Truxene nanocomposite writing

Figure 3.14: Micrographs of LDW Lissajous patterns in normal and fluorescence
mode.

been exposed. By adding PAG at a lower ratio than the standard 1.0 wt% a
slower and more controlled curing was achieved. The pattern in figure was
written with a laser power of 0.4 yW in a blend with 1.0 wt% T4 and 0.1 wt%
PAG. The resulting line width is 2.5 um, approaching the resolution limit of the

writing system.

(a) Normal illumination micrograph. (b) UV illumination fluorescence micro-
graph.

Figure 3.15: Close up of one intersection in figure using a high resolution oil
immersion 100X/1.3 N.A. objective.

The images in figure [3.15] were taken using a high resolution oil immersion
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3.5 Summary

objective (CFI Plan Fluor 100X/1.3 N.A.), they further confirm the uniform
distribution of the T4 molecules in the CHDV matrix. The brighter spots on
the edges in the intersection also seem to indicate that light is guided along the

structure (it is, in effect, a waveguide).

3.5 Summary

In this chapter, the theory of laser writing with a Gaussian beam has been pre-
sented. Resolution limits have been defined and calculated.

The laser writing setup built as part of this thesis work was introduced and
its performance characterised.

Results for laser writing in negative type photoresists were given. Optical
adhesives from Norland products were used to test the setup and feature sizes
down to 1.6 um was achieved in NOAG61.

Nanocomposites consisting of truxene light emitting molecules and CHDV
negative photoresist were made and used to make fluorescing microstructures on

glass substrates with feature sizes down to 2.5 pym.
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Chapter 4

Micro-LED Direct Writing

This chapter will present a capability for mask-less photolithography based on
a complementary metal-oxide semiconductor (CMOS) driven micro-LED device
operating in the near UV spectral region. The setup will be introduced and
characterisation measurements of it will be given. Results achieved in writing
structures with positive- and negative-type photoresist will be presented.
Photolithography (as described in section is the standard method for
patterning in the semiconductor industry and in such emerging technologies as
micro-fluidics, Lab-on-a-Chip, microelectromechanical systems (MEMS), opto-
genetics, etc. Standard photolithographic methods require a custom photomask
for each process. Manufacturing this mask is often expensive and time consuming,
hence limiting researchers’ ability to quickly put their ideas into practice. There
have been several proposed solutions for this; laser direct writing was presented

in the previous chapter and several others will be presented below.
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4.1 Maskless photolithography tools

4.1 Maskless photolithography tools

Maskless photolithography is a big area of research and there are many different
systems with capabilities ranging from tens of nanometer resolution to hundreds
of micrometers and with very varying throughput, cost, and complexity.

Laser direct writing is the most mature of the maskless lithography tools [I], 2,
3] and is commonly used in rapid prototyping, however it has limitations in being
a single beam technique, hence reducing throughput. The cost of high quality
coherent sources is still high and their use requires special safety precautions,
hence adding to cost and complexity of such systems.

A low cost method proposed is projection writing using a single spatially
filtered light emitting diode (LED) [4]. The light from a standard 365 nm LED,
mounted in a plastic tube, is filtered through a pinhole aperture of 3 mm and
then focused down to a spot with a microscope objective (50X and 0.55 N.A.).
This resulted in feature sizes down to ~35 pum with a writing speed of 80 pm/s.
By reducing the pinhole aperture to 1 mm and increasing the speed to 250 pm/s
line widths of 17 pm were achieved. The movement was done using a syringe
pump.

A Digital Micromirror Device (DMD) can be used to create an image to be
projected onto a sample [5]. Images showing the setup used are shown in figure
[1.1] The light from a ultrahigh pressure (UHP) lamp from a video projector
is used instead of a (in lithography) more commonly used mercury arc lamp.
The light from the lamp is focused and projected onto a DMD type spatial light
modulator (SLM), which consists of 768 000 tiltable mirrors each of ~17.5 X

17.5 pum? size. The SLM is placed in the image plane of an infinity corrected
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4.1 Maskless photolithography tools

VP2

(a) Photograph of the setup. (b) Schematic of the setup.

Figure 4.1: The setup used in [5]. The light from an UHP lamp is filtered and

projected onto a DMD to form an image, which is then demagnified through a

microscope objective.
microscope objective (5X and 0.25 N.A.) by using an extra lens and the sample to
be patterned is placed in the focal plane. The resolution achieved with this system
is 3.5 um with a high aspect ratio (1:10 in a 40 pm thick SU-8 film). By replacing
the 5X objective with a 20X microscope objective submicron resolution was shown
on UV sensitive photochromic films. The system was primarily developed for
light-directed in situ synthesis of DNA microarrays [0 [7]. The system based on a
commercial DMD works well in the visible and the near UV, but for even higher
resolution writing, lower wavelengths are required and the appropriate mirrors
have to be custom made. A micro-mirror device for deeper UV is presented in
[8]. These systems have an impressive resolution and versatility, but are rather
complex and bulky and all require an external high-power light source.

An example of a low cost, low resolution technique is to use a standard pho-

tocopier to define a pattern on a transparency, which is then used as a master to
pattern polydimethylsiloxane (PDMS) micro-fluidic channels [9]. The resolution

is limited to ~50 pm with this low cost method. A simple, fast, and inexpensive
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4.1 Maskless photolithography tools

masking technology for fabricating etch patterns on glass is proposed by Coltro
et al. in [I0]. The standard office laser printer is used to write the pattern on
wax paper. The toner layer is then thermally transferred to a glass slide and used
as an etch mask. When using a 600 dpi printer, channels down to 200 pm wide
could be manufactured. Another method with similar limits in resolution is the
use of a cutter plotter to define the etching mask [I1]. Although these techniques
are remarkable in simplicity and low cost, the resolution is not enough for many
applications.

Focused ion beam (FIB) based techniques have been used to achieve impres-
sive resolutions (30 nm) for more than 20 years [12]. A beam of ions (most
commonly Ga™) hits the substrate and sputters material from the surface. As
the beam is scanned over the substrate a pattern is produced. Electron beam
lithography (EBL) is, along with LDW, the most common method of producing
the photomasks for conventional lithography. The basic principle is that an elec-
tron beam is focused on a substrate covered with a thin film of specialised e-beam
resist, such as Poly(methyl methacrylate) (PMMA). Both these techniques are
well established commercial techniques with a resolution of a few tens of nm, but
they are complex, expensive, and suffer from low throughput.

A technique suitable for periodic patterns such as gratings is interference
lithography or holographic lithography. In the simplest form a coherent beam
is divided in two (e.g., with a beam splitter) and then allowed to interfere with

itself thus forming a pattern with a period p = % where A is the wavelength

2 sin
and 6 is half the angle between the two beams as they recombine. By passing a
laser beam through a grating and allowing the 1%*-order diffracted beams (while

blocking the zero-order beam) to propagate through a second and third grating,
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4.1 Maskless photolithography tools

then allowing the beams to interfere, an interference pattern with a period of half

that of the gratings used is produced. With this technique, gratings with a period

of 100 nm have been created on areas as big as 10 cm?, by using an ArF laser

(A = 193 nm) and gratings with 200 nm period [13, 14]. While this technique

has high resolution and good throughput, creating patterns other than regular

gratings is difficult and requires a very complex holographic template, a process

that is considerably more complex than the manufacturing of a photomask.

’”

Each zone plate focuses radiation to a spot. Wafer scanned in raster pattern.

Maskless Zone-Plate-Array Lithography (ZPAL)
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Figure 4.2: Schematic image of a ZPAL system. After [15].

Zone-plate-array lithography (ZPAL) is a technique that promises high reso-

lution and large area patterning [16]. Figure shows a schematic of the ZPAL

system used in [I5]. The laser used is a GaN based semiconductor laser operating
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4.2 CMOS driven micro-LED device

at 400 nm, the SLM used is a commercial array of 1024 grating light valves, the
zone plates of the array are phase zone plates fabricated using EBL and hydrogen
silsesquioxane (HSQ) resist. The N.A. of the zone plates is 0.85. The SLM is
used to turn off and on the light to each individual zone plate and as the sub-
strate is scanned a pattern is produced. Without the use of water immersion this
system has been shown to produce gratings with 135 nm spacing and with water

immersion 115 nm. However promising it is, the ZPAL system is a complex tool.

4.2 CMOS driven micro-LED device

CMOS is the preferred technology for large scale semiconductor manufacturing,
e.g., microprocessors and computer memory. Gallium nitride LEDs cannot be
made directly by CMOS processes, but making LEDs compatible with a CMOS
driver is important for commercialisation and adds functionality, such as pulsed
driving, to the device. By integrating an array of single photon avalanche diodes
(SPADs), functionality for on-chip sensing in time resolved fluorescence measure-
ments can be added to the chip[17, [18]. The CMOS-driver, which was used in this
early work, was originally developed for electro-wetting. This led to a number of
disadvantages when adapting it and the LED device to be compatible.

The CMOS driver used herein was custom-designed (by colleagues at the Uni-
versity of Edinburgh) to work with a micro-pixellated LED [19]. It was fabricated
using a standard 0.35 pm CMOS process by Austria Microsystems. It consists of
64 individual drivers in an 8x8-array. Each driver measures 200 ym x 200 pm
on the chip of which one quadrant (100 gm x 100 pm) is a full metal bond stack
(figure , where the LED p-pads will be bump bonded. The CMOS driver

109



4.2 CMOS driven micro-LED device

Bond stack | _
(a) 200pm (b)

Figure 4.3: Optical micrograph of the CMOS driver (a) and the bonded micro-
LED device with four pixels turned on (b).

72pm

supplies a maximum voltage of 5 V and a maximum current of 100 mA to each
pixel. However the ground level of the LED connection is not connected to the
7global” ground. Therefore it is possible to connect an external power supply
and apply a negative bias to the ground, hence increasing the effective voltage
applied to the LED. The driver is also designed to be able to deliver short pulses
of controlled duration and frequency. The pulses can be as short as 300 ps full-
width at half-maximum (FWHM) and the frequency can be set with the on-chip
voltage-controlled oscillator (VCO) from 6MHz to 800MHz. There is also the
capability of connecting an external oscillator, in which case any frequency can
be applied.

The micro-LED devices used here were presented in section[1.1] For the work
of this chapter they are in a flip-chip configuration, meaning that the light is
extracted through the sapphire substrate which the GaN layers are grown on.
The device used is a 16x16-array with each light emitting pixel being 72 pm in

diameter and the pitch is 100 pm, as can be seen in figure [4.3(b). Alternating
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(a) Optical micrograph of the micro-  (b) Optical micrograph of the bare CMOS
LED device bonded to the CMOS  chip before bonding the micro-LED.
driver.

Figure 4.4: Images of the CMOS driver chip. Alternating pixels in (a) are bump-

bonded to the CMOS chip in (b).
pixels are bonded to the CMOS driver by a bump-bonding process, where a
Au bump provides the electrical and physical contact between the LED and the
CMOS driver. The bump bond is also believed to increase the thermal dissipation
from the LED and hence improving the performance compared to wire bonded
devices. A micrograph of the LED bonded to the CMOS driver can be seen in
figure . In figure the CMOS chip is shown before the micro-LED
device is bump bonded.

The optical output power is measured by a calibrated power meter (Coherent
FieldMax Top) in close proximity to the device. The ouput from one LED pixel
under direct current (DC) driving was measured to be 604 W at a driving current
of 80.0 mA and a voltage of 6.18 V and 340 uW at 20 mA at a driving voltage
of 4.50 V. I-V and L-I charactersitics are presented in figure

The CMOS control device was attached to a printed circuit board (PCB),
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Figure 4.5: Data plots of injection current vs. voltage and optic power output
vs. injection current in a CMOS-driven UV micro-LED.

which is computer controlled via a field programmable gate array (FPGA) board
(XEM3010-1000 from Opal Kelly). The voltage delivered to the pixels, the pulse

duration, and the VCO frequency are all set by voltage controls on the PCB.

4.3 The micro-LED writing setup

The maskless photolithography system was built to be flexible, inexpensive, and

precise. The setup consists of
e Mounting rods and cages for optical components (Linos Microbench).

e A PCB with the CMOS driven LED device and the FPGA board.

A manual XYZ-translation stage on which the PCB is mounted.

Two infinity corrected microscope objectives (Nikon CFI Plan Fluor-series)

(collection and projection objective).

e A mirror.
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4.3 The micro-LED writing setup

A 50/50 UV beamsplitter cube.

A piezo Z-translation stage for the projection objective (PI P-725.4CD).

A motorised XY-translation stage (2 x PI M-112.1DG) for the sample.

e A CCD camera (Prosilica EC650C) with a zoom lens (Navitar, 11-110mm)

attached.

A computer for the control of the sample translation stage, the LED device,

and the camera.

For the optical mounts a cage system (Microbench) from Linos was used. It is
easy to use and the alignment is simplified by keeping the optic axis in the centre
of the cage. A photograph and a schematic image of the setup can be seen in figure
4.6, The mirror mount and the beamsplitter mount are used as bought, while
custom mounts for the microscope objectives were produced in-house. The board
for the CMOS driver and LED device is mounted on XYZ manual translation
stage, which is bolted onto a solid metal plate, which is in turn bolted to the
optical breadboard that provides the base of the setup. The collection objective
can be slid on the mounting rods but is otherwise static. The mirror is mounted
on a platform with adjustment screws for fine alignment. The beamsplitter can be
rotated freely in the cage and fine tuned with adjustment screws. The projection
objective is mounted on a piezo-electric translation stage to provide very precise
focusing, and with the driver used, the measurement feedback gives a precision of
0.1 gm. The sample to be patterned is placed on the motorised XY-translation
stage, which is computer controlled and has a repeatability of ~0.1 pym (effective

resolution). The minimum incremental motion achievable is 50 nm.
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Figure 4.6: The CMOS-driven, micro-LED based maskless lithography tool.

The light from the CMOS-driven UV micro-LED array is collected by one
microscope objective, which is infinity-corrected, meaning that the output is col-
limated when the emitting area of the LED is in the focal plane. A second infinity-
corrected objective is used to project the light onto the sample. By matching the
magnification of the two objectives, magnification or demagnification of the pixel
spot can be achieved. The setup also contained a rotatable beamsplitter cube
in the path between the two objectives. With a CCD camera equipped with a
zoom lens adjusted to focus at infinity, this enables monitoring of the writing in
real time and control of the focus. Since the zoom lens is set to focus at infinity
and the microscope objectives are infinity corrected, the image displayed on the

camera is optically conjugate to the focal plane of each of the objectives.

4.3.1 Software control

The software control for the CMOS-driven micro-LED array device was developed

in LabWindows™ by Dr. Gareth Valentine (Institute of Photonics, University of
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Strathclyde). A screenshot of the graphical user interface (GUI) for this software

can be seen in figure [4.7(b)| and the corresponding pattern shown on the LED

array can be seen in figure |4.7(a)l The panel on the upper left represents the

LED array and is used to address the pixels, either by clicking in the panel or by

choosing the pixels in the controls to the right of the panel. When the "Mode’,

just below the panel, is switched to ’'CW’ the "ON’ button will switch on the

addressed pixels in continuous wave (CW) operation until the button is pressed

again. If instead the 'Mode’ is switched to 'Pulsed’ the controls to the right of

it are used. "Pulse count’ sets the number of pulses, for the duration set in the

"Pulse ON-time’ and with the interval set in "Pulse OFF-time’. The pulse time

is accurate down to ~100 ms, due to hardware and software limitations. ’Clear’

will clear the pixel addressing panel.
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(a) Optical micrograph of micro-LED.

(b) Screenshot of the software control.

Figure 4.7: Images showing a pattern being addressed with the software control

and being displayed on the micro-LED device.

The controls at the bottom of the screen set the operational modes of the
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CMOS driver. The first slider, 'Input Source’, sets whether (i) the CMOS
control uses the on-chip VCO to define a frequency ("VCO’), (ii) an external
frequency generator if no external source is present this gives CW operation
('DC/External’), or (iii) use of on-chip linear feedback shift registers (LFSRs) to
output a pseudo-random binary sequence. The middle slider, 'LED Mode’, has
two positions 'Pulsed’ and 'DC/Square’. The former gives an output in non-CW
mode of a pulse on the rising edge of the input wave (external, VCO, or LFSR)
the duration of this pulse is set on the CMOS driver PCB. The latter gives the
output of a square wave at the same frequency as the input source or CW if no
AC signal is present. The '"VCO Divider’ slide sets a value (1, 4, 16, or 64) by
which the on-chip VCO frequency is divided before it is used.

To view the image on the camera and to take snapshots, the software delivered
with the camera is used. It has controls to set the exposure time, which can be
used to compensate when a weak reflection of a sample is viewed, as opposed to
when the LED device is imaged directly.

For sample scanning with the motorised stages, the same software as described

in 3.2.1] is used.

4.3.2 Characterisation

The system was characterised in terms of spot size, spectrum, and optical power
delivered at the sample as a function of pulse duration.

The average optical power was measured by placing the sensor of a calibrated
power meter at the sample position. As can be seen in figure the average

optical power has a linear relationship with the pulse duration for pulses longer
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than ~4 ns. Below this, the rise time and fall time becomes significant in relation
to the pulse duration and reduces the average power. These measurements were
taken using a 40X microscope objective as collection objective and a 4X as the
projection objective to focus the light onto the sample. The maximum optical
power measured in CW operation in this configuration is 140 yW at a driving
current of 27 mA. The device delivers 370 W at this driving current and the
beam splitter deflects 50% of the power, meaning that the ~24% of the power is
not collected by the collection objective or lost in the transmission. The collection
efficiency for a 0.75 N.A. objective cannot be expected to be higher than 80%,
hence the transmission losses are estimated to be less than 5%.

The spectrum (figure was measured with an Ocean Optics USB2000
fibre coupled spectrometer with the fibre end placed at the sample position of the
setup. As expected, the spectrum is not changed by the optical system. It has a
centre wavelength of 370 nm and a FWHM of 15 nm at a driving current of 27
mA. Higher driving currents mean higher working temperature and hence longer
wavelength. This is due to the thermal energy added to the system.

To determine the spot size with different microscope objective combinations,
a mirror was placed at the sample position and the CCD camera was used to
image the reflected spot. In figure the intensity profile of one micro-LED
pixel can be seen. The micrograph, from which the plot was calculated, was
taken using a 40X/40X combination. The edges have higher intensity than the
rest of the surface. This is attributed to side wall scattering in the mesa structure
of the emitting pixels, and the intensity falls quickly outside the pixel area. This
feature, although unintended, is actually beneficial when exposing photoresist

as it gives better defined feature edges compared to the case with a Gaussian
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Figure 4.8: Graphs showing some key characteristics of the tool.

intensity profile. The ideal is a 'flat-top’ intensity profile.

The images in figure 4.10| are thresholded at a value approximately half of the
maximum intensity (white pixels above this value and black below). The spot
sizes were measured from these images by fitting a circle to the spot. The scales
of the images were determined from micrographs of a graticule with each of the
different objectives. This was done using ImageJ™ software.

In table[4.I]spot sizes and corresponding optical intensities are presented. The
total collected optical power was 4.40 uW when using the 4X objective and 138
uW for the 40X objective. The projected power is assumed to be independent of
the projecting objective.

When calculating the intensities, the total power is assumed to be projected
inside the spot diameter, i.e., a “flat top” beam profile is assumed. The 4X
collection objective has a larger field of view ( 4mm), but it also has a lower N.A.
which means it has a lower collection angle. This allows for the whole micro-

LED array (1.6 mm x 1.6 mm) to be imaged, but with the trade-off of lower
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255.0

Intensity (a.u.)

Figure 4.9: Intensity plot for one imaged micro-LED pixel, using a 40X/40X

objective combination.
light collection. Despite this, the highest optical power density is achieved using
the 4X collection/40X projection objective combination. The 4X microscope
objective has large enough field of view to image the whole micro-LED emitting
area, but the projected optical power will depend on the distance from the centre
of the imaged area simply because less light will hit the lens of the objective from
the edges compared to the centre. A map showing how much projected optical

power each pixel of the device delivers at the sample position is shown in figure
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4.3 The micro-LED writing setup

(a) 4X/4X (b) 4X/10X (c) 4X/20X (d) 4X/40X

(e) 40X/4X (f) 40X/10X (g) 40X/20X (h) 40X /40X

Figure 4.10: Thresholded micrographs of reflections off a mirror placed at the
sample position with different collection/projection objectives.

Table 4.1: Spotsizes and optical power intensities for different collection and
projection objective combinations.

. Projection 4X 10X 20X 40X
Collection
AX 93 pm 30 pm 20 pm 8.5 pm
65 mW /cm?0.62 W/cm? 1.4 W/cm? 7.7 W /cm?
40X 900 pm 340 pm 170 pm 82 pum
22 mW/cm?0.15 W/cm?0.61 W/cm?2.6 W/cm?
411l

If the sample is static while exposing, the exposure dose is simply given by
multiplying the intensity with the exposure time. When the sample is moving
a 'flat-top’ uniform illumination pattern is assumed and the exposure dose is

calculated with the equation (cf. equation :

2P
F—
mR2%v

RZ— 2 (4.1)
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Figure 4.11: A map of the projected optical power from each pixel on the micro-
LED device.

where P is the total power, R the pixel radius, v the velocity , and y (<R) the

coordinate perpendicular to the velocity. The dosage profile forms a half-circle.

4.4 Writing results

A number of different patterns were written into negative and positive photore-
sists under different exposure conditions to test the system. Details about the

photoresist materials can be found in section [2.1
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4.4.1 Negative photoresist

The negative resist used for the test patterns was Norland Optical Adhesive 81. It
was chosen because of its excellent adhesion to glass and relatively low viscosity,
allowing thin films to be spun on substrates and hence offering the possibility of

features a few pm in size.

Experimental: The following recipe was used for the exposure of NOAS81 on

borosilicate glass slides:

1. A glass cover slide was thoroughly cleaned in an ultrasonicated acetone
bath. Subsequently the procedure was repeated in methanol instead of
acetone, and then the substrate was rinsed in deionised (DI) water. The
substrate was then spun dry and was put on a hotplate at 120°C for 15

minutes.

2. The substrate was placed on the chuck of the spin coater. Norland optical
adhesive 81 (NOAS81) was carefully dropped on the substrate with care

taken to avoid bubbles.
3. Spinning was performed at 8000 rpm for a film thickness of 1.8 pm.

4. The film covered substrate was placed directly onto the XY-translation

stage in the writing setup.

5. Exposure was done by turning on desired pixels for a predetermined length

of time, while the stage remains static or is moved to produce lines.

6. Development was done by immersing the substrate in acetone and moving
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it gently around for approximately 30 seconds and subsequently rinsing in

first methanol then DI water.

7. The substrate is dried gently with a flow of air or nitrogen.

After the development the written patterns were characterised in terms of

width and height, by optical microscopy and stylus profilometry, respectively.

Results: The results presented are all done with the combination of a 4X collec-
tion objective and a 40X projection objective, as this gives the smallest features

and has the highest optical power intensity and hence the shortest curing times.

Figure 4.12: Optical micrographs taken with a high resolution oil immersion
100X objective of dots cured under pulsed operation. The dots 100 s (left) and 1
s (right) with pulse durations of 40 ns a repetition rate of 9.75 MHz.

To examine how short pulses affect the curing behaviour, exposures with the
same pixel under the same conditions, but with different pulse lengths, were
performed. Optical micrographs of two of the resulting dots are shown in figure

and the corresponding dot diameters and exposure doses of all the exposed
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dots are shown in table [£.2] Comparing the similar sized dots exposed for 1 s
with 40 ns pulse duration, for 2 s with 30 ns pulse duration, and for 10 s with 10
ns pulse duration, the required dose seems to increase with shorter pulses. The
dot exposed for 100 s with 1 ns pulse duration does not follow this pattern and

appears to be an outlier, possibly due to an experimental mistake.

Table 4.2: Sizes of the dots in figure as measured by circle fitting in ImageJ™
software. The dot size are given in um followed by the exposure dose in J/cm?.

Pulse 40 ns 30 ns 20 ns 10 ns 5 ns 1 ns
Exposure
100 s 39 pm 29 pm 24 pm 17 pm 15 pm 14 pm
270 200 150 72 36 3.3
40 s 24 pm 19 pm 17 pm 15 pm 11 pm -
108 80 60 29 14 1.3
10 s 14 ym 12 pum 12 pym 8 pm - -
27 20 15 7.2 3.6 0.33
5 12 pym 11 pm 9.7 um - - -
14 10 7.5 3.6 1.8 0.17
9 87 pm 7.4 pm (6.0 um) - - -
5.4 4.0 3.0 1.4 0.72 0.066
1s 8.3 um - - - - -
2.7 2.0 1.5 0.72 0.36 0.033

Patterns were also written while moving the sample. The three lines in figure
4.13(a)| were exposed while moving the sample at 5 pm/s. From left to right in
the image the lines where exposed using 40 ns and 50 ns pulse durations at a
repetition rate of 9.75 MHz and at CW operation. This gives maximum doses, in
the middle of the line, of 4.4 J/cm?, 5.1 J/cm?, and 12.2 J/cm?, respectively, as
calculated by equation [£.1 The widths are 8 um, 8 pm and 11 pm, respectively.
The heights were measured by stylus profilometry to be 0.9 pum, 0.9 pm, and 1.8
pm, respectively. The height profiles can be seen in the graph in figure [4.13(b)]

The 'IoP’ pattern seen in the micrograph of figure was exposed while
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negative photoresist.

Figure 4.13: The lines written in NOAS81 negative photoresist with 40 ns and
50 ns pulse widths and CW mode going from left to right and a speed of 5 pm/s.
Widths are 8 pm, 8 pm and 11 pum and heights are 0.9 ym, 0.9 pm and 1.8 pum
respectively.
keeping the sample static. First the 'T" and the 'P’ of the pattern were exposed
for 8 s under square wave operation and the ’o’ was exposed for 4 s. Since the
pixels forming the '0’ are in the centre of the field of view the collection is more

effective compared to the pixels forming the 'I” and the 'P’ (cf. figure 4.11)). The

average exposure for each dot was 10 J/cm?.

4.4.2 Positive photresist

Test patterns were written into standard positive tone photoresist.

Experimental: The photoresists used for the pattern were from the Microposit
S1800-series from Shipley, for which more details can be found in section [2.1.2

The process used for the Microposit resists is as follows:

1. The silicon substrates are thoroughly cleaned. Water and solvents are evap-

orated by placing them on a hotplate at 110°C for at least 20 minutes.
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Figure 4.14: Optical micrograph of ’IoP’ pattern.

2. The resist is spun at 2000 rpm for 30 seconds.
3. Soft bake is performed on a hotplate at 120°C for 60 seconds.

4. The sample is placed on the XY-translation stage and is exposed by light
from the UV micro-LED device.

5. Development is performed in Microposit Micro-Dev solution at 1:1 volume

ratio with DI water for 60 seconds while moving the sample gently.

6. The sample is rinsed in DI water.

As can be seen in figure the film thickness for S1818 is approximately 2.7

pm and 0.7 pm for S1805 at the spinning speed of 2000 rpm.

Results: An example of a static written pattern can be seen in figure4.15, The

array was written by exposure with four pixels for a duration of 2 s, giving an
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2

exposure dose of 1.1 J/cm?. Subsequently, the sample was moved 40 pum and

the exposure repeated. This was repeated four times to form the array. The
scanning electron microscope (SEM) image in figure was taken with a
Hitachi S4700 in ultra high resolution mode. The sample was tilted to clearly
show the side walls. The images confirms that we have well defined patterns with

close-to-vertical side walls.

200000
200000

1Eﬁm

(a) Optical micrograph of an array of (b) SEM image of an array of holes.
holes.

Figure 4.15: Images showing an array of holes written into positive photoresist.
The images show that the holes are uniform and the SEM reveals well defined and
close-to-vertical side walls. Each hole has a diameter of ~9 um.

The four parallel “channels” in figure were patterned in the less viscous
photoresist, Microposit S1805. Four pixels in one column of the CMOS driven
micro-LED device were turned on simultaneously while the sample was translated
at a speed of 100 pum/s. The exposure was done in CW operation and each pixel
delivers ~2.5 yW to the sample giving an exposure dose of ~0.4 J/cm? in the

centre lines, slightly less on the outer lines. The channels are each 10 pm wide.
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Figure 4.16: Optical micrographs of four parallel lines in S1805 positive photore-
sist. The lines were written by moving the sample at a linear speed of 100 pum/s
giving a maximum exposure dose of 400 mJ/cm? in the middle of each line.

4.5 Summary

In this chapter, examples of maskless lithography techniques for high and low res-
olution micro- and nano-fabrication have been presented. Examples of techniques
representing the forefront of research, such as ZPAL, as well as well established
commercial techniques, e.g., EBL, were given.

A tool based on a CMOS driven micro-LED array where the light from the
device is projected through an optical system consisting of two back-to-back mi-
croscope objectives, has been introduced and characterised. Spot sizes and optical
intensities for different configurations of the setup have been given. A maximum
intensity of 7.7 W/cm? in a spot with a diameter of 8.5 ym was achieved.

Patterns in both negative and positive tone photoresists was presented show-

ing the capability of static and dynamic writing. In both materials features down
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to ~8 pum were shown. Developments of the CMOS-driver and the micro-LED
array has improved the resolution of the maskless photolithography setup, more
on this in section [6.11

The maskless lithography system based on a UV emitting micro-LED repre-
sents a low-cost prototyping tool which can be used to directly test pattern design

in e.g., micro-fluidics, MEMS, and opto-genetics [20].
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Chapter 5

Colour Conversion

In this chapter multicolour devices based on the pixel-wise down-conversion of
light from UV emitting micro-pixellated LEDs will be presented. Applications
and competing methods will be discussed in brief.

While the micro-LEDs, previously described (section , have been utilised
in instrumentation [I] and for biological applications [2], for some applications
their use is limited by having monochromatic emission. By adding multi-wavelength
capability, the devices could be more versatilely used as excitation sources and,
for example, structured white light illumination sources for sectioned microscopy
is a possibility. To achieve such colour conversion, nanocrystal quantum dots
have been added on top of the light emitting devices. Two alternative methods
of integrating quantum dot nanocomposites on micro-striped UV emitting LEDs
will be introduced and results and device performance achieved with each method

will be presented.
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5.1 Multi-coloured/White LEDs

5.1 Multi-coloured/White LEDs

The emission wavelength of light emitting diodes is determined by the materials
and the active layer configuration, e.g., the quantum well thickness and placement
within the epitaxial layers (c.f. section in inorganic LEDs. A device based on
a single epitaxial growth run will hence have one narrow emission peak (although
there is some variation across a wafer due to growth nonuniformities). Multi-

wavelength capability needs to be added by post processing.

GaN orInGaN LED

Phosphor particle :

i
Epoxy with
phosphor

Intensity (counts)

Reflector cup

Die attach epoxy

0
300 350 400 450 500 550 600 650 700 750 800
Wavelength (nanometers)

(a) Schematic of a phosphor-  (b) Spectrum from a typical white emitting
converted LED. pc-LED.

Figure 5.1: Commercial white emitting LED. After [3].

Commercial white LEDs are most commonly based on blue emitting GaN
diodes with a colour down-converting phosphor, which has a broad emission cen-
tred in the yellow, added. Figure [5.1] shows a schematic and a typical spectrum
of such an phosphor-converted light emitting diode (pc-LED). Cerium-doped yt-
trium aluminium garnet (Ce3+:YAG) is often used for this, however new material
systems are also being tested [4].

The performance of LEDs is often measured by their external quantum effi-

ciency, the ratio between the number of photons extracted from the device and
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the number of electrons injected (equation , and the power efficiency (infor-
mally “wall plug efficiency”), the ratio between the output optical power and the

input electrical power (equation [5.2)).

Next = % (51)
P
TNpower = ﬁ (52)

For illumination applications, another measure is more important, namely
the luminous efficiency, which is the ratio of luminous flux to the input electrical
power, measured in lumen per watt. The lumen (Im) is a photometric unit, i.e., it
takes into account the human eye’s spectral sensitivity (see figure , hence

it measures how bright a light source is perceived to be.

TTTrrT TTTT | TTTT TTTT 683
I CIE 1978
Photopic vision

100 T T T[T T T[T T I T TTrr[rT

=)

1072

v - chromaticity coordinate

Eye sensitivity function V()

Luminous efficacy (Im/W)

=
i =] C
B = L
i w
7 E0.1
l0*4 = P I I S|
400 600 700 00 03 04 05
Wavelength A (nm) 380nM . chromaticity coordinate
(a) Eye sensitivity function. (b) CIE 1931 diagram.

Figure 5.2: Human eye spectral sensitivity and CIE 1931 chromaticity diagram.

The colour of a light source is often given as coordinates in the Commission

internationale de I'clairage (CIE) 1931 colour space (see figure |5.2(b))). White

136



5.2 Self-aligned writing

light falls in the area around (0.33 , 0.33). An important performance figure for
white light illumination is the colour rendering index (CRI), which measure how
close an illumination source mimics the sun in terms of colour rendering (the sun
and incandescent bulbs with tungsten filament have CRI of 100). White-LEDs
with yellow phosphor converters have poor colour rendering index, typically ~70.
For this reason quantum dots have been suggested as alternative colour converters
[5, 6] for better colour rendering and "warmer’ light.

Organic materials have also been used as colour converters [7] and as the
direct electrically injected light emitting material [8].

It has been proposed to use white light LED illumination for communication
[9]. For this purpose the long radiative lifetimes of phosphorescing materials are

a problem, because they can compromise the modulation bandwidth.

5.2 Self-aligned writing

The nanocomposite material described in section was used to create colour
converting films on a micro-striped UV LED [10]. The technique was previously
employed to integrate a PFO based blend on a micro-LED for UV — blue colour

conversion [L1].

5.2.1 Experimental

To produce aligned patterns on micro-striped UV LEDs, which have been pro-
duced in-house at the Insitute of Photonics, the quantum dot nanocomposite is
spun to a thin film directly on the cleaned device, using a spinning speed of 4000

rpm for 40 seconds, achieving 20 to 25 pum thick films. A special holder was
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produced in PTFE plastic to fit the device onto the chuck of the spincoater. The
exposure of the photosensitive nanocomposite was then done by the device itself
by turning on the desired pixel for a determined length of time. The curing was
done while driving the pixel at a current of 0.5 mA delivering an optical intensity
at the surface of the pixel of 4.4 mW /cm?. Each of the nanocomposites used has
a concentration of quantum dots of 0.2%-wt. The curing photo-sensitivity of the
nanocomposite depends on the size and amount of quantum dots, and some batch
to batch variations exist as well. The red QD nanocomposite requires a dose as
high as ~93 mJ/cm? (21 s exposure time) while the blue QD blend requires only
~9mJ/cm? (2 s exposure). The reason for this is believed to be mainly the higher
absorption of the red QD at 370 nm (see figure . The QDs compete with
the photocuring initiator in the matrix material for photon harvesting, hence in-
creased absorption in the QDs leads to slower curing of the nanocomposite. The
absorption spectra of the nanocrystal composites can be seen in figure [2.16, The
absorption for the red nanocomposite film is 65 at 370 nm, while the yellow, green
and blue blends have lower absorbance of about 42, 39, and 32 in arbitary units,
respectively. Measurements were described in section [2.3.2

The driving current and hence the optical intensity can be considerably higher,
than was the case while doing the curing. The intensity was intentionally kept
low when curing for the purpose of controlling the dose delivered more accurately,
since there was no accurate enough timing control of the ON-time.

After the exposure, uncured residue nanocomposite is washed-off in a toluene
bath for 20 s. The device is subsequently rinsed in DI water. The procedure is
repeated several times to layer by layer build a thicker colour converting film over

the pixel.
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Microstripe LED
with nanocomposite

Microstripes LEDs

Figure 5.3: Optical micrographs of a pixel with integrated nanocomposite (left)
and bare pixels (right). In the middle a schematic of the micro-striped device is
shown.

In figure [5.3| micrographs of the device with and without nanocomposite inte-

grated can be seen.

5.2.2 Characterisation

After the integration of the colour converting nanocomposites on the UV emitting
micro-LED device, the device was characterised with regards to emission spectra
and conversion efficiency.

The spectra in figure [5.4] were taken with a UV-visible fibre-coupled calibrated
optical spectrometer (Ocean Optics USB4000). The fibre tip was aligned with

the emission direction of the pixel. The spectra were normalised with regards to
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Figure 5.4: Spectra for pixels with red, yellow, green, and blue nanocompos-
ite colour converters. For clarity, the blue, green, and yellow spectra are offset
vertically and 370 nm component removed.

the UV peak, but the peak was cut off in the yellow, green, and blue case for
presentation clarity. The base level was also shifted in the graph to more clearly
display the plots. The pixels were driven at 3.6 mA while the spectra were taken.
The peak at each colour converted wavelength, at 609 nm, 560 nm, 524 nm, and
486 nm, respectively, is clearly visible in each spectrum. The yellow spectrum
has a “shoulder” in the green. This is due to UV light leakage (light emitted from
the side walls rather than top of the mesa structure), which is being converted

by the adjacent green pixel. It can also be seen that there are elevations from

the background level at longer wavelength from the main peak. This is due to
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the fact that the larger quantum dots are excited by the light emitted from the

shorter wavelength (smaller) QDs.
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Figure 5.5: Optical output powers for four pixels with different integrated
nanocomposites plotted against driving current.

Optical power measurements were performed with a UV Si photodetector
placed in close proximity (~2 mm) to each emitting pixel. A bare microstripe
with dimensions of 300 pm x 12 pm gives a measured optical output power as high
as 34 uW at a driving current of 40 mA (~944 mW /cm? optical power density at
a driving current density of 55 A /cm?; current injected over the full length of the
mesa structure, 3600 pm x 20 pum). The black squares in figure correspond
to this measurement. The power measurements on pixels with nanocomposite
integrated on them were done with a filter placed in-between the detector and

the device to remove the contribution from unconverted light. For the red QD
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5.2 Self-aligned writing

integrated pixel, a filter with a cut-off at 520 nm and a 95% transmission at 610
nm was used. The red circles in figure [5.5| correspond to this measurement. The
output power collected at 609 nm reaches a maximum of about 6 W at a driving

2 current

current of 40 mA (~166 mW /cm? optical output power at 55 A/cm
density). If the losses of the filter are compensated for, the approximate colour
conversion efficiency at 40mA driving current is calculated for the red-emitting
quantum dot nanocomposite to be ~17.7% (~18.2% at 30mA). The yellow, green,
and blue pixels were characterised in an equivalent fashion. The measurements
are also plotted in figure [5.5l Optical output powers achieved were respectively
3 uW, 0.15 uW, and 0.05 uW at 40 mA driving current (~83 mW/cm?, ~4
mW /cm? and ~1.3 mW/cm? at 55 A/cm?). The respective estimated colour
conversion efficiencies are 9%, 0.5%, and 0.2%, filter losses having been allowed
for when calculating these figures.

To investigate the saturation behaviour of the QD nanocomposites, the driving
current was increased while the spectrum was being measured (as plotted in figure
5.6). By comparing the area under the UV peak (350 nm to 409 nm) and the
converted peak - in the case of figure red peak centred at 609 nm (590 nm to
630 nm) - a figure corresponding to the colour conversion efficiency is obtained.
As can be seen in the inset in figure[5.6 the ratio (Syc/Syv) is linearly decreasing
and not consistent with saturation behaviour. Indeed a focused laser beam with
a 500 pm FWHM spotsize and with an optical power ranging from 0 mW to 15
mW does not saturate a 20 pym thick nanocomposite film at a concentration of
0.2%-wt neither with blue, green, yellow, nor red QDs. There are several possible
explanations for the decrease in conversion efficiency with increased output. A

higher proportion of the output power is believed come from the side walls of the
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Figure 5.6: Spectra for different driving currents of a red converted pixel. Inset
show the ratio between the areas of each peak as the current increase.

LED mesa structure as the injection current increases. As the injection current
increases the temperature in the quantum well increases as well. This causes
a redshift in the emission spectrum, and the QDs have a decreasing absorption
at longer wavelengths (this probably is a minor contribution as the observed
redshift in the spectrum is small). It could also be attributed to different spectral
broadening of the micro-LED and the NC emissions. A combination of these
effects is the most likely explanation.

In conclusion, QD /photoresist nanocomposite micro-structures were fabri-
cated on micro-LEDs with a self-aligned technique. The nanocomposite was

spun directly on the device and the desired pixel was turned on, thus curing
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Figure 5.7: Optical micrographs of blue (486 nm), green(524 nm), yellow (560
nm), and red(609 nm) emitting pixels put together.

the composite locally on top of the light emitting pixel. The quantum dots im-
mersed in the matrix photoresist act as colour converters for the UV emission
from the LED. By integrating several different nanocomposites, incorporating
different sized quantum dots, a multi-wavelength emitting micro-LED was re-
alised. The estimated colour conversion efficiencies were 17.7%, 9%, 0.5%, and
0.2% for the red, yellow, green, and blue NCs respectively. However as can be
seen the in figure the colour converting structures usually cover more than
one light emitting pixel, making it impossible to have adjacent pixel emitting at

different wavelengths.

5.3 Laser direct writing

As an attempt to create structures covering only one pixel for each colour convert-

ing nanocomposite, laser direct writing, as described in chapter [3| was employed.
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5.3 Laser direct writing

5.3.1 Experimental

The quantum dot nanocomposites were prepared in a similar manner as before,
but at higher concentration to increase the absorption and hence the conversion
efficiency. Some key properties of the nanocomposites can be seen in table [5.1]

Table 5.1: Properties of the quantum dot nanocomposites.

Prop.
Commp. Conc.(%-wt) Conc. (nmol/mg) Peak Em.
Red 1.2%-wt 0.039 nmol/mg 617 nm
Green 0.26%-wt 0.14 nmol/mg 543 nm
Blue 0.96%-wt 0.12 nmol/mg 488 nm

The device was prepared by cleaning it first in an acetone bath, then in a
methanol bath and then it was rinsed in DI water and left to dry on a hotplate
at 110 °C for at least 20 minutes. The nanocomposite was then spun directly on
the device as previously described in the case of self-aligned writing. The device
was then placed on the translation stage in the LDW setup.

Figure shows a close up of the setup while writing. The device would be
placed where the cover slip is in the image. The coordinates of the end points
of the stripe, that was to be covered with the nanocomposite, was found by
moving the stages and observing the position of the device, on a monitor, with the
CCD camera. The coordinates were noted and a motion forming a straight line
between the two sets of coordinates was programmed with the control software.
The exposure was done with a linear velocity of 1 mm/s and total laser power
of 5.5 uW for the red QD nanocomposite and 12.2 uW for the green and the
blue. The spot size was adapted to the stripe width, ~15 pm FWHM (12.7 pm
1/e*-radius). This gave maximum exposure doses of 35 mJ/cm? for the red and

77 mJ/cm? for the green and the blue nanocomposite.
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5.3 Laser direct writing

Figure 5.8: Photograph of the LDW setup while exposing a cover slip with a film
of green nanocomposite.

After exposure of the desired stripes, the residue nanocomposite was washed
off in an acetone bath, similarly to the self-aligned case. The procedure was then
repeated for each different nanocomposite.

The adhesion of the nanocomposites to the bare device surface was however
poor and it was easy to wash-off written lines, as can be seen in figure |5.9(a)|
This issue was helped by adding thin Norland lines on the device stripes before
integrating the nanocomposite lines. The NOA lines were laser written in the
same way as described in section [3.3] The NOA 81 was spun at 8000 rpm directly
on the device and laser written at a total laser power of 5.5 uW in a small spot

size of approximately 1 um 1/e*-radius. With a writing velocity of 1 mm/s, this
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(a) Optical micrograph of fluorescing de-  (b) Optical micrograph of device with

tached nanocomposite lines due to wash-  thin NOA lines aligned with the stripes

off. With UV flood illumination. of the micro-LED. The thicker line on
every fourth stripe is the integrated red
nanocomposite. With white light illumi-
nation.

Figure 5.9: Optical micrographs of stripe LED device with and without thin
NOA attachment enhancing lines.
gave a maximum dose of ~0.44 J/cm?. The resulting NOA lines are less than 2
pm high and 4-7 pm wide. These lines, together with lines of red nanocomposite,
on a device can be seen in figure|5.9(b)| This approach seemed to greatly enhance

the adhesion of the nanocomposite lines on the device surface.

5.3.2 Characterisation

The micro-striped device after sequential integration with three nanocomposites,
giving red, green, and blue emission can be seen in figure [5.10l The fourth
stripe in the sequence is bare and hence emits only in the UV. The devices have
been characterised with regards to the structures and the spectral properties of

the device. The lines cover the full light emitting area of each stripe and are
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5.3 Laser direct writing

approximately 25 um wide. The height of the structures was determined by

stylus profilometry to be ~9 pm.

Figure 5.10: Optical micrograph of device with adjacent stripes covered with red,
green, and blue nanocomposites, and the fourth stripe in sequence left bare, under
external UV illumination.

In figure the emitting device with laser written integrated quantum dot
nanocomposites can be seen with adjacent stripes emitting at red, green, and
blue and all three at once. The nanocomposites are excited by the UV emitting
micro-stripes below them. The ’tail’ appearence of the emission is due to UV
power variation along each stripe. As can be seen in the images the stripes do
not to any significant degree excite the structures on adjacent stripes.

The above was confirmed by the spectral measurements of the three different
pixels, which can be seen in figure[5.11} The conversion efficiency is not improved

compared to the self-aligned case (except for the green and the blue case), but
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Figure 5.11: Device with laser written integrated quantum dot nanocomposites.
From left to right: red pixel turned on, green pixel, blue pixel, and all three pixels
turned on. The corresponding spectral data is given below.

the spectral contribution from non-addressed nanocomposite lines is considerably
lower. The conversion efficiency is estimated (by comparing the area under the
peaks) to be ~5%, ~3%, and ~2% for the red, green, and blue, respectively.

Unfortunately this device was damaged in the processing and full optical

power measurements were not possible. The integration did not damage the
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device directly, but when it was wire bonded, residue polymer on the bonding
pads caused problems. Too much force had to be used, causing damage to the
device and a leakage current to flow.

To investigate how much the light escaping from the side walls of the mesa
structure decreases the conversion efficiency, a novel type of planar, mesaless,
device was tested. This device was patterned with a plasma treatment to deac-
tivate the semiconductor material, instead of using etching to define mesa struc-
tures which in turn define the light emitting area. The nanocomposite was in-
tegrated on the device by laser writing, as before and the resulting device can
be seen in figure [5.12 The conversion efficiency is considerably better for the
green nanocomposite at ~14% compared with ~3% for the conventional device.
However, the conversion efficiency decreases with increased voltage also with this
device. The maximum efficiency of 14.4% was achieved at 5-6 V and reduced to

12.6% at 10 V.

5.4 Summary

In this chapter, techniques for producing multicoloured and white light LEDs
and in particular colour conversion methods for micro-LED arrays have been de-
scribed. Two methods for integrating quantum dot /negative photoresist nanocom-
posites on micro-LED devices have been introduced and tested. The first method
is a self-aligned technique where the UV light emitted from the device itself de-
fines the patterned structure. The second method utilises laser writing. While
the second is more complicated and requires an external writing setup, it enables

the manufacturing of colour converting structures which are smaller than the light
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5.4 Summary

emitting pixel. It also makes it possible to have two adjacent stripes converting
light to different wavelengths.

The conversion efficiencies achieved with the two methods do not differ in
a significant way. The estimated colour conversion efficiencies were 17.7%, 9%,
0.5%, and 0.2% for the red, yellow, green, and blue NCs respectively for the self-
aligned method and ~5%, ~3%, and ~2% for the red, green, and blue respectively
in the laser writing case.

With a device without a mesa structure, hence less side scattering, the conver-

sion efficiency was estimated to be ~14% with a green colour converting structure.
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(a) Optical micrograph of planar (b) Optical micrograph of planar
micro-striped LED with a green micro-striped LED with a green
nanocomposite line being addressed. nanocomposite line being addressed.
With microscope illumination turned  With microscope illumination turned
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(c) Spectrum of the green nanocomposite covered micro-LED pixel. The area of the two
peaks are marked as 1 (UV LED peak) and 2 (green converted peak).

Figure 5.12: Planar micro-LED device with integrated green nanocomposite.
Approximately 14% of the light from LED is converted to green light.
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Chapter 6

Conclusions

Micro-patterning of functional materials is increasing in importance. Low-cost,
accurate, and flexible methods for patterning of sensitive organic and inorganic
materials will have a wide range of applications in various fields, such as micro-
fluidics, micro-electro mechanical systems, optogenetics, and organic lasers.

In this thesis maskless micro-patterning techniques, suitable for sensitive or-
ganic materials, have been presented. The aim was to develop photo-based tech-
niques for patterning of functional materials, for which conventional patterning
techniques are unsuitable.

In Chapter [1| basic principles and devices, such as light emission in LEDs,
lasers, micro-patterning techniques, and photoresist systems, were introduced.
Special emphasis was put on GaN alloy based light emitting devices, as they form
the basis of much of the further work. Conventional photolitography was briefly
explained and general resolution limits were introduced. Nanoluminophores, in-
cluding organic nanoengineered materials and semiconductor nanocrystals, were

introduced and some concepts in photoluminescence were also presented.
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The material systems which form the basis of the thesis work were introduced
in chapter [2] Positive and negative photoresist systems were presented. The
difference between the two, in that they form positive and negative images of a
photomask respectively, was explained. Luminecent materials used in this work,
i.e., organic flourescent molecules and inorganic nanocrystal quantum dots, were
also presented. Key characteristics of these materials, including absorption and
emission spectra, were given. Blended materials based on negative-type photore-
sists and nanoluminophores were presented and the routes used to make these
materials were described. Important characteristics, including spectral data, of
the blended systems were also presented. For organic light-emitting materials the
matrix material, i.e., the negative photoresist, not only provide photolithographic
patterning capability, but also give environmental protection. This was shown
by exposing two samples, one bare and one in a matrix, to the same dosage of
UV light, which is known to cause photooxidisation in the luminescent organic
material. While the spectra for the bare material was dominated by the peak in
the green emanating from oxidised flourene moieties, while the blended materials
were still emitting blue light.

In Chapter (3| the principles of laser direct writing was introduced and the
resolution limit discussed. A laser writing system suitable for producing patterns
in nanocomposite materials based on negative-type photoresists was described.
In particular the optical power delivered at the sample position as a dependence
of the attenuation of a neutral density filter wheel and the minimum spot size
was measured. The latter was measured with a “knife edge”-type method. The
average value of the spot diameter (1/e?-diameter) was 0.8 ym and 0.9 pm in

the perpendicular direction, respectively. The LDW system was used to produce
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test patterns in different types of the negative-type photoresist Norland optical
adhesive. The smallest feature size produced was ~2 pm in the negative-type
photoresist NOA61. Optical measurements as well as atomic force micrographs
of the structures were presented. Test patterns in NOA81 was written on micro-
disc LED arrays as a test of the capabilities of the setup. The system was also
used to pattern oligofluorene functionalised truxene blended with a divinyl based
monomer (CHDV) based negative-type photoresist (HTP3) in waveguide-type
structures. A range of different feature sizes, from ~2.5 ym to 120 pm, were
produced. This work was published in Advanced Materials in 2009 [I]. The laser
writing system represents a low cost photopatterning system with good resolution.

In Chapter [4 a novel maskless photopatterning system based on a CMOS
driven micro-LED array emitting in the UV and a combination of microscope
objectives was introduced. First a brief review of some relevant maskless lithog-
raphy techniques was given. The CMOS-driven UV micro-LED device was then
presented. Characteristics and performance figures, including modulation fea-
tures and I-V and L-I plots, for this device were given. The device consists of
8x8 pixels with a diameter of 72 um, each capable of delivering ~600 W of
optical power. This device was put into a maskless photolithography setup con-
sisting of back-to-back infinity-corrected microscope objectives. By changing the
objectives magnification or demagnefication of the micro-LED array was achieved
at the sample position. The writing can be monitored with a CCD camera by
deflecting some light with a beam splitter placed between the microscope objec-
tives. The setup was characterised with regards to e.g., spot size and optical
power delivered at the sample position. The spot size was measured in optical

micrographs of reflected images of one micro-LED pixel taken by the CCD. The
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minimum spot diameter achieved was measured to be 8.5 ym and the maximum
optical power density was 7.7 W/cm?. The setup was tested by writing test pat-
terns in postive- and negative-type photoresists. Writing under CW as well as
under pulsed driving was tested. The minimum feature size in NOAS81 achieved
was ~7.4 pm with 30 ns-pulsed driving for 2 s giving an exposure dose of 4.0
J/em?. Line patterns with widths from ~8.0 ym to ~10 pm in negative pho-
toresist (“waveguide structures”) and positive photoresist (“channels”) were also
produced. The work on the maskless photolithography system was published in
Optics Express in 2009 [2].

In Chapter [5 micro-LED arrays with integrated nanocrystal composite struc-
tures were presented. First a brief review of multi-coloured and white LEDs was
given and the need for colour conversion was discussed. Some different tech-
niques for achieving colour down-conversion on LEDs was also introduced. The
material system chosen for the colour conversion was nanocomposites based on
a negative-type photoresist (NOAS81) and semiconductor nanocrystals (quantum
dots). Two different methods of aligning the photopatternable nanocomposites
on micro-striped LEDs were presented. The first method is a self-aligned tech-
nique where the patterned area is defined by the LED itself. The stripe, which
is to be covered by the luminescent material, is turned on and the UV emission
from the LED pixel cures the nanocomposite. By this method a device capable
of converting UV light output to red (609 nm), yellow (560 nm), green (524 nm),
and blue (486 nm), with conversion efficiencies of 17.7%, 9%, 0.5%, and 0.2%,
respectively, was produced. The conversion efficiency was found to decrease as
the injection current current increased. The work on self-aligned nanocomposite

structures for colour conversion on micro-striped LED devices was published in
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Optics Express in 2008 [3]. Due to the strongly divergent output beam of the
striped LED device structures cured by the self-aligned technique tend to cover
several micro-stripes. To address this issue the LDW system described in chap-
ter |3| was utilised to write aligned structures on the micro-LED device. Due to
adhesion problems a thin line of pure NOAS81 was written on the device before
the nanocomposite integration. With this technique a micro-stripe device with
red, green and blue nanocomposites on adjecent stripes was produced. The con-
version efficiency achieved with this technique was ~5%, ~3%, and ~2% for the
red, green, and blue, respectively. The optical “cross-talk” was greatly reduced
by this technique compared to the self-aligned method as confirmed by spectral
data. Colour converting nanocomposite structures were also integrated on a novel
“mesa-less” (planar) device. The conversion efficiency achieved with green quan-
tum dot nanocomposite was ~14% on this device. This was attributed to less

UV light escaping from the mesa side-walls and not getting converted.

6.1 Future work

A new generation of CMOS driven micro-LED device with circular light emitting
pixel diameters from 14 pm to 84 pum has been developed. When fitted into the
lithography tool described in chapter [4] features down to 1.4 um are theoretically
feasible. Figure [6.1| shows an optical micrograph of the new generation device
with five pixels turned on.

Figure presents the -V and L-I characteristics of the new generation de-
vice.

In initial test the maskless photolithography tool with the new generation
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Figure 6.1: Optical micrograph showing a range of different size pixels of the new
generation of CMOS driven micro-LED.
LED device (using the 14 ym diameter pixel) was able to produce structures in
the positive-type photoresist S1805 with features ~2 um in size, by writing at a
velocity of 65 ym/s and a delivered total optical power of 0.3 pW and an exposure
dose of 100 mJ/cm?.
Other possible uses for similar setups include neural stimulation and optoge-

netics [4] or photopumping of organic lasers.
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Figure 6.2: Electrical and optical performance of the new generation micro-LED
device.
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Appendix A

LabView ™ virtual instruments

A.1 Program for line writing
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Figure A.1: LabView™ screen shot showing the first panel of a movement control

program.

The program progresses in sequence as follows:
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A.1 Program for line writing

10.

11.

. The ’speed’, the ’end pos’ and the 'Shutter’ ("T’/’F’) is read from the user

interface.
The ’start pos’ (current position) is read from the stages.

The distance and the vector between the ’start pos’ and ’end pos’ is calcu-

lated and saved.

. The ’time’ is calculated, by dividing the distance with the speed, and saved.

The velocity for each axis is calculated and saved.

The velocity is written to the stage control.

If the ’shutter’ is "1, the shutter is opened.

The movement is initialised with the 'end pos’ as destination.

The stage is asked if it is on target. This is looped until the stage is on

target.

If the ’shutter’ is "1, the shutter is closed.

The position of the stage is read as a control.

Each pane in the sequence is depicted in figures through to[A.5]
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A.1 Program for line writing

JOOOOMOO0000000kg[p,.) vpf 0000000000000

k

| POS?

1000000000000 000000000000000000o0020

l|:||:||:||:|‘|:||:||:||:||:||:||:||:|l.'1[Dlg]vtnnnnnnnnnnnnntjl
]

=
>

p D 0000000000000 00gl0000000000000QC0T«TCCe

Figure A.2: Sequence 0-1.
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A.1 Program for line writing

-nnnn‘nnnnnnnnhg[n g -pfO0O0OO0OOOOOOO0D

1000000000000 000000000000000000o0020

-|:||:||:||:|I|:||:||:||:||:||:||:||:|l.'3[|:| g ~pfOC00OCOCO0OoOGoD

[

[
ST+t

100000000000 ooodonoooonoooooooogoooonnan

Figure A.3: Sequence 2-3.
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A.1 Program for line writing

TOooolooooooon

W[ 4[0.5] TpfO0OOOOOOOOOO0

Hiclden error
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OO00O0000000000o000ooo0ann

Doooooooooon

lqE[D..g]vtnnnnnnnnnnnnnn

errar in (no error) 2

[e=

x: ]

[ ASRLL:INSTR [w|

. e

err
b

o 0 o o o e e R w w m

ooooooogooooonooooonnoan

Figure A.4: Sequence 4-5.
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A.1 Program for line writing

-DDDD‘DDDDDDDDL‘E[D g -pfO0O0OO0OOOOOOO0D

|
hADY =

1000000000000 000000000000000000o0020

100000000000 ooodonoooonoooooooogoooonnan

Figure A.5: Sequence 6-7.
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A.1 Program for line writing

-nnnn‘nnnnnnnnha[n g -pfO0O0OO0OOOOOOO0D

errar in (no error) 3
L b

..... .k % ASRL1:INSTR [+]

O0O000000000000000000000000000o000a00

DDDDIDDDDDDDDI.'Q[D g ~pfOC00OCOCO0OoOGoD

[

Error ok 2|

o o o o o o o o o e o o o o o o e [ w

Figure A.6: Sequence 8-9.
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A.2 Program for micro-disk array writing

A.2 Program for micro-disk array writing

A program for writing n x n locations (i.e., a square area with n x n discrete

locations) on a micro-pixelated device has the following flow sequence:

1.

10.

n (the desired number of locations to be written on in each row and column)

is read from the user interface.

. The stage position ((z,, y,)-coordinates) of the (nn)-position is read from

the user interface. (The position is first located with help of the microscope

imaging.)
The current stage position ((z1, y;)-coordinates) is read as the (1,1)-position.
The diagonal vector is calculated as d = (2, y,) — (21, y1).

Two vectors vl and v2 are defined as vl = d/2 + [ % §]d/2
and v2 = d/2 — [ % 3]d/2. These two vectors now defines the movement

directions of the stages.

The open time for shutter and hence the exposure dose for each location is

written to the shutter.

The writing is started and the expsure is performed at the first location
(1,1) (see figure |A.7)).

The stage is moved v1/(n—1) and the next exposure is performed at location

(2,1). The step is repeated (n-1) times.

. The stage is moved v2/(n — 1) and performed at location (n, 2).

Steps are repeated to cover the designated n x n area.
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A.2 Program for micro-disk array writing

X1
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Figure A.7: Schematic image showing a n X n area on a device. vl and v2 denotes
two vectors defined in the LabView™ code.
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Direct Laser Writing of Nanosized Oligofluorene
Truxenes in UV-Transparent Photoresist

Microstructures

By Alexander J. C. Kuehne,™ David Elfstrom, Allan R. Mackintosh, Alexander
L. Kanibolotsky, Benoit Guilhabert, Erdan Gu, Igor F. Perepichka, Peter
J. Skabara,* Martin D. Dawson,* and Richard A. Pethrick*

Recently, the incorporation of nanoscaled inorganic components
into organic photoresist hosts to produce photocurable composite
materials, has been reported.!! Combining highly processable
photoresists with nanoscaled inorganic quantum dots or
nanocrystals in this way creates an attractive method for the
production of photonic-device structures, including single-
photon sources, waveguides, and lasers.

Due to the recognized incompatibilities between functional
organic light-emitting molecules and conventional photolitho-
graphy materials, the fabrication of all-organic microstructures
presents a significant technological challenge.!”! In this paper, we
report the incorporation of nanosized oligofluorene truxenes into
a novel UV-transparent organic photoresist material, as an
alternative approach to fluorescent nanocomposites. Oligofluor-
ene truxenes are a new class of monodisperse organic light-
emitting molecules.”” The blending of oligofluorene truxenes and
a UV-transparent photoresist enables photoprocessing of indivi-
dually dispersed nanoscopic organic light-emitting molecules
within a microstructured UV-transparent matrix. These blends
will allow the creation of all-organic optical-device structures for a
wide range of photonic applications.

It is well known that the incorporation of inorganic quantum
dots into photoresists reduces the speed of polymerization
relative to the pure resist.' The reduction in rate is partially
attributed to the effects of the competing absorption of the
quantum dots with the photoacid generator (PAG) that initiates
the polymerization process. In sharp contrast, the incorporation
of the organic oligofluorene truxene into the UV photoresist leads
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to large increases in the rate of polymerization. The observed
increase in rate is due to a photoinduced electron transfer (PET)
from the photon harvested by the oligofluorene truxenes to the
PAG.M

In the ideal matrix, the spectral properties of the oligofluorene
truxene should be unaltered by the nature of the photoresist
matrix. It should also act as an encapsulant, to inhibit photo-
oxidation of the organic light-emitting molecules and allow the
creation of appropriate optical structures for device fabrication.

Here, we examine the spectral properties of novel oligofluor-
ene truxene photoresist composites, and show easy processability
of the composite by direct laser writing (DLW) of waveguide-type
structures. The laser-written structures are characterized using
optical microscopy and scanning electron microscopy (SEM).

Most commercial negative-photoresist materials are based on
aromatic entities, which impart to the resist desirable properties for
semiconductor processing, but are not ideal as a matrix for light-
emitting materials. The m—m interaction between aromatic units
generates the desired high viscosity for spin-coating. However,
these aromatic units limit the transparency of the matrix, and
provide a possible source of energy transfer and quenching. A resist
such as SU-8 has acceptable transparency above 360 nm. However,
below this wavelength it absorbs almost all of the energy. In
addition, aromatic groups can induce solvatochromic shifts in -
conjugated light-emitting molecules.”! In a previous paper, we
reported the development of an epoxy-based photoresist that
achieves transparency down to 300nm in a film 20 um thick.®
However, as a result of the polarity of the glycidyl ether groups in the
cyclohexyldiglycidyl ether (CHDG) photoresist, it is difficult to
achieve miscibility of the fluorene molecules, which tend to form
large aggregates and are less effective photoemitters.

In this paper, we report on a novel UV-transparent negative
photoresist system based on 1,4-cyclohexyldimethanol divinyl
ether (CHDYV, see Fig. 1). Cross-linking in this system is achieved
via the vinyl ether moieties instead of using glycidyl ether groups.
CHDV is less polar than CHDG, and more readily solvates
fluorene light-emitting molecules. When a proton is produced
from the decomposition of the PAG, the vinyl ether moieties
polymerize, to produce a carbon-based backbone with pending
vinyl ether groups (see Fig. 1, structure 4), and extended
polymerization leads to the creation of a cross-linked network.
The absence of aromatic groups in CHDV creates a matrix that is
passive, and allows transmission of light down to about 240 nm.
The PAG of choice was a para-octyloxy-functionalized dipheny-
liodonium hexafluoroantimonate. The para-octyloxy chain pro-
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Figure 1. 1) 1,4-Cyclohexanedimethanol divinyl ether, 2) 4-octyloxy diphenyliodonium hexafluor-
oantimonite (PAG), with R as an octyl chain, 3) oligofluorene truxenes T4, with R as a hexyl chain,

and 4) photoinduced cationic polymerization mechanism for CHDV.

vides improved solubility in the nonpolar CHDV photoresist
matrix. The peak absorption for PAG is at ~250nm, as
determined from a solution in acetonitrile (see Fig. 2a). The
absorption at 225nm is due to w— w* transitions in the
conjugated phenyl rings of the PAG. Photocuring pure CHDV
with PAG requires a deep UV wavelength for initiation. After
cure, the CHDV photoresist has over 90% transparency at 250 nm
for a 2.6 wm thick film (see Fig. 2a). The high transparency of the
photoresist material in the UV spectrum enables complete
photoexcitation of the incorporated fluorescing molecules.

The light-emitting molecules used in this study were the
oligofluorene truxene designated T4.1*! The molecules consist of a
truxene core with three pendant quaterfluorene units (see Fig. 1,
structure 3). The CHDV photoresist system is miscible with these
oligofluorene truxenes, which are approximately 4 nm in radius,
and exerts little or no solvatochromic shift on the spectra of these
molecules. The lack of a solvatochromic shift is in contrast to that
observed when the oligofluorene truxene is dispersed in toluene.
The T4 oligofluorene truxenes show very efficient blue photo-
luminescence with a high fluorescence quantum yields in both
solution and the solid state (86% and 60% respectively).*”
Figure 2b compares the absorption spectra for T4 as a solid film,
in solution, and in the cured CHDV matrix, demonstrating
similarity of the T4 in cured CHDV spectrum with that of the
solution spectrum. The absorption maxima for T4 are at 372 nm
in the solid state, 373nm in toluene, and 371nm in the
polymerized CHDV, respectively. However, the emission spectra
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in the various states exhibit significant differ-
ences (see Fig. 2b). The emission maximum of
the T4 toluene solution peaks at 413 nm, and
for T4 incorporated in the polymerized CHDV
matrix the maximum is at 411nm. The
maximum of the solid T4 film is red-shifted
by ~30nm, at 440nm. Blending the T4
molecules into the CHDV photoresist system
and curing the film produces an emission
spectrum for the oligofluorene truxenes, which
is comparable to that in toluene solution. The
spectrum of T4 in the CHDV matrix is
broadened with respect to its solution spec-
trum, due to greater vibronic interactions of
the fluorescing molecules with the polymer
matrix, indicating that the T4 molecules are
monodisperse and “pseudo-solvated” within
the solid CHDV matrix. Larger aggregates of
oligofluorene truxenes would produce a red-
shifted spectrum of shape similar to that of
the solid-state spectrum.F”

When oligofluorene truxenes are incorpo-
rated into the CHDV photoresist system, PAG
can be activated at the absorption wavelengths of
the truxenes, which are at much lower energies
than its own absorption maximum. PET from
Q\ the light-emitting molecule to the PAG leads to
photolysis of the PAG at lower energies than its
usual absorption wavelength. Here, an electron
is excited to the LUMO of the T4 at a value of
—2.14 eV, and is transferred into the LUMO of
the PAG, which has a value of —3.72eV. The
iodonium initiator, hence, gets reduced from a cation to a radical. To
relax, the radical electron can now return to the ground state of the
T4, or relax through a follow-up reaction that involves scission of the
C-I bond, and hence the decomposition of the PAG (an energy
diagram of the process is available in the Supporting Informa-
tion).[? The LUMO of the PAG was determined by cyclic voltametry
against ferrocene as internal standard. The HOMO and LUMO
levels of T4 were taken from reference [3a].

This transfer mechanism as a result of the incorporation of the
oligofluorene truxenes is very effective in enhancing the rate of
cure, and allows irradiation at 368 nm, whereas the neat photoresist
material requires irradiation at 254 nm. If neat CHDV with PAG is
irradiated at 368 nm, no cure of the resin is observed. The observed
high rate of reaction when the oligofluorene truxenes are present is
consistent with their photon harvesting ability, activating all the
PAG molecules at essentially the same time.®!

The essentially low-polarity CHDV matrix appears to effec-
tively protect the T4 molecules from photo-oxidation. Normally,
fluorene molecules, when exposed to atmospheric oxygen, are
subject to photo-oxidation, and form fluorenone moieties that
shift the fluorescence spectrum towards the green.! Recent work
in our laboratories suggests that the encapsulation of fluorene-
based molecules within a polymer matrix reduces the diffusion
of oxygen and suppresses photo-oxidation.™”

A sample with a direct-laser-written structure of T4 in a CHDV
blend did not show any change in its emission spectrum after
6 months of exposure to air and ambient light. A neat T4 film

Adv. Mater. 2009, 21, 781-785
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Figure 2. a) Transmission spectra of different thicknesses of CHDV with
Twt% of PAG: 2.6 um (solid black), 7.0 um (dashed black), 11.0 um
(dotted black), and normalized absorption spectrum of PAG in acetonitrile
(gray). b) Normalized absorption and photoluminescence spectra of a
solid T4 film (solid black and gray), T4 in a toluene solution (dashed black
and gray), and T4 pseudosolvated within a CHDV polymer matrix (dotted
black and gray).

spin-coated from toluene and the laser-written T4/CHDV
structure were exposed to radiation from a 368 nm UV lamp.
After a radiation dose of 187.2] cm™~2, the spectrum of the neat T4
film was dominated by a broad peak with a maximum at
~550 nm, which can be attributed to fluorenone formation due to
photo-oxidation of the fluorene moiety.”! The spectrum of the
laser-written T4/CHDV structure, however, shows only minor
changes (spectra are supplied in the Supporting Information). We
can hence conclude that CHDV films containing the fluorene
molecules exhibit very good stability and color retention
compared to neat T4 films.

In this study, cure of the T4/CHDV mixture was achieved
using a standard amount of 1.0 wt% PAG. The photoinitiator was
first dissolved in the same amount of toluene wt/wt for
compatibilization and to improve solubility in the CHDV
photoresist. Use of more than 1.0 wt% of PAG leads to a
reduction in the resolution of the pattern, and does not shorten
the cure time significantly. The photopatterned structures
adhered well to the substrate during and after the wash-off

Adv. Mater. 2009, 21, 781-785
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process. However, the full pattern was transferred in an
“adhesive-tape transfer test’. In this study, no surface treatment
of the substrate was applied. The adhesion of the structures could
be further increased by use of an adhesion promoter before DLW.
The full pattern was transferred onto the tape, and was intact after
transfer, which implicates good mechanical properties of the
cured T4/CHDV composites in terms of structural rigidity (a
microscopy image of the transferred pattern can be found in the
Supporting Information).

Due to the low viscosity (5.62 cP) of the CHDV, the creation of
spin-cast films is not possible, because the CHDV is dewetting
the substrate, and an alternative approach to pattern generation
was carried out. For direct laser writing, a borosilicate glass
substrate used for its near UV transparency was brought into
contact with the T4/CHDYV photoresist mixture, which had been
placed in a polytetrafluoroethylene (PTFE) basin (a schematic of
the setup can be found in the Supporting Information). The
structures were written face down through the substrate, with the
sample stage translated under a fixed optical beam position by
computer-controlled X-Y-Z translation stages. Using this direct
laser writing approach, patterns were created with 0.5 wt%,
1.0 wt%, and 5.0 wt% of T4 in CHDV. Because of the PET from T4
to the photoacid, the polymerization of CHDV occurs very rapidly,
and writing was carried out at very high speeds. In this study, the
writing speed was maintained at a constant rate of 1.5mm s,
and the output power of the 375 nm gallium nitride diode laser
source was varied between 40 wW, 80 wW, 120 wW, and 160 wW,
in order to study the effect on the feature size and resolution that
could be achieved. After laser writing, the borosilicate glass slide
was lifted from the basin, and excess photoresist removed by
washing in toluene. The dimensions achieved were extracted
from microscope images, and hence represent the width at the
bottom. The values are listed in Table 1. It can be seen that
increasing the laser intensity produces a broader line, whilst a
change in the T4 concentration from 0.5 wt% to 1.0 wt% produces
only a small increase in line width. The resolution, however, is
reduced with a 5.0 wt% content of T4. Changing the
concentration of T4 will influence the light-harvesting character-
istics of the resist, and allow for more PAG molecules to be
activated and, hence, a greater chance of ‘darK-polymerization,
where reaction occurs outside the illuminated region as a
consequence of proton migration from the illuminated zone.
When more PAG molecules are initiated, there is a greater chance
of active polymerization centres propagating beyond the
illuminated zone, and reduced overall resolution.'] Figure 3
shows optical microscopy images of the 1.0 wt% T4 series in the
CHDV photoresist system under ambient and UV illumination.
The images show a uniform blue fluorescence throughout the
laser-written lines, indicating that a homogeneous dispersion of

Table 1. Line-widths of T4/CHDV microstructures.

Laser output power 0.5wt % T4 Twt % T4 5wt % T4
in CHDV in CHDV in CHDV
40 W 35um 35um 50 um
80 uWw 45 um 50 um 80 um
120 pW 70 um 70 pm 100 pm
160 pW 90 pm 95 um 120 pm
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due to residues of the composite, from
incomplete wash-off. Examination of the
structure of the line produced with the lowest
T4 concentration (i.e., 0.5wt%) indicates a
good aspect ratio and smooth walls. The
thicker features that can be seen at the end
of the structure are due to an exposure time lag
when starting and stopping the stage and
opening and closing the laser-beam shutter.
The shape of the feature reflects as much the
shape of the optical beam as the effects of the
polymerization process on the feature struc-
ture. The ‘upside-down chalice’ shape of the
structures in the blends of 0.5 and 1.0 wt% is
assumed to be a result of the high sensitivity of
the resist material, due to the light-harvesting

character of the T4. When writing into the
Figure 3. Microscopy images of fluorescing microstructures with 1wt% T4 and Twt% PAG, regist, face down through the substrate, the
written with a laser, observed using optical microscopy with a) white-light illumination and
b) 368 nm illumination, written at 40 wW, 80 wW, 140 wW, and 160 wW (from left to right).

COMMUNICATION

focal point of the laser beam lies beyond the
substrate. After the focal point, convergence of
the beam occurs, and combined with the high
sensitivity of the resist, the observed shape in
(b) the material represents the profile of the laser
beam. This is not apparent in the 5.0 wt% T4/
CHDV blend. With the higher loading of the
photon-harvesting T4, the composite absorbs
more strongly, and limits the extent to which
the laser beam penetrates into the resist
composite in the PTFE basin. Hence, in the
5.0wt% T4/CHDV blend, no activation of the
PAG occurs beyond the focal point of the laser,
leading to a half-cylindrical shape of the written
line. In conclusion, a higher content in photon-
harvesting T4 leads to greater absorption, and
hence structures that have a lower aspect ratio.
With lower T4 contents, the laser beam can
penetrate deeper into CHDV/T4 blend, and
hence produce structures that have a higher
aspect ratio. This effect defines the shape of the
structure, whereas dark-polymerization, which
occurs after the direct-laser-writing step,
reduces the overall resolution of the structures.

Figure 5 shows a more complicated pattern
created, under computer control of the
translation stages, as a 4:5 Lissajous structure
using 1wt% of T4 in the CHDV resist. When
the laser power was limited to 0.4 W, and

Figure 4. Scanning electron microscopy images of different percentages of T4 in CHDV: PAG content was reduced to 0.1wt%, a line
a) image of the 0.5wt% T4 sample with four lines written at 160 uW, 140 uW, 80 pW, and  width of 2.5 wm was achieved.

40 uW from left to right; b) close up image of the line written at 40 wW into the 0.5wt% T4 in This paper presents the cure characteristics
CHDV blend; c) image of the line written at 40 W into the 1.0wt% T4 in CHDV blend; d) image of a photoresist material, which contains

of the line written at 40 W into the 5.0wt% T4 in CHDV blend. flucrene-based light-emitting molecules. The
absorption and fluorescence spectra of the

oligofluorene derivative indicate that a homo-

the T4 in the CHDV was achieved, consistent with the geneous dispersion of the T4 molecules is achieved throughout
spectroscopic characteristics. the CHDV matrix. Apparent environmental protection of the T4
The SEM images of the laser-written structures (Fig. 4) showin  molecules from oxygen, combined with the short cure time,
more detail the structure of the T4/CHDV series written at  render these novel photo-cross-linkable composites of CHDV and
40 wW. The thin-film patches in the images of Figure 4cand d are T4 highly attractive for applications in organic optoelectronics.
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Figure 5. 4:5 Lissajous structure written in CHDV with 1wt% T4 and low
laser intensity 0.4 wW, resulting in a line width of 2.5 pm.

We have shown facile processability of the composite by direct
laser writing, resulting in structures with tunable size down to
2.5 pm, smooth side walls, and high aspect ratios.

Experimental

Materials and Instruments: The oligofluorene truxene T4 was synthe-
sized by A. L. K., I. F. P, and P. J. S., and the synthetic route can be found
elsewhere [3]. CHDV and solvents were purchased from Sigma—-Aldrich and
used without further purification. Para-octyloxy-functionalized diphenylio-
donium hexafluoroantimonate was purchased from ABCR.

UV-vis Absorption Spectroscopy: Spectra were taken using a Perkin Elmer
Lambda 20 UV/Vis spectrophotometer. Deposited T4 films were recorded
on a 1mm thick quartz wafer spin-coated from a 20mg mL™" toluene
solution at 1000 rpm. CHDV and T4/CHDV composites with 1wt% PAG
were drop-cast onto quartz wafers. Solutions were taken in toluene in a
quartz cuvette of 10 mm path length.

Photoluminescence Spectroscopy: Spectra were recorded using a Perkin
Elmer LS 50B fluorescence spectrometer in a quartz cuvette of 10 mm path
length, and for the solid films from a quartz wafer. The same samples as for
the UV-vis absorption analysis were used.

Microscopy Images: Microscopy images were taken using a CCD camera
(Q-imaging Inc.) mounted onto an inverted fluorescent microscope (Nikon
Eclipse TE2000-U) with a set of 10x/0.25NA, 20x/0.5NA Plan Flour
objectives. Fluorescent images were taken using a UV-2A filter cube, to
filter out the excitation source.

Scanning Electron Microscopy: For SEM imaging, carbon was evaporated
onto the laser-written structures using a BAL-TEC CED 200 carbon
evaporator, and the structures were examined using a FEI Sirion field-
emission SEM.

Direct Laser Writing: The setup consisted of a GaN diode laser (15 mW
@ 374 nm, circularized and collimated output beam with a spot size of
1wm in diameter in the focal point) with a variable neutral density filter
wheel, a mechanical shutter (minimum open time 10 ms), and a beam
expander. A microscope objective (N.A. 0.4) was controlled by a piezo
objective-translational stage (400 um range, sub-nanometer precision).
The sample was placed onto a X-Y sample-translation stage (25mm X
25 mm range, ~1um precision, 1.5 mm s~ " max speed). The system was
controlled through a CCD camera imaging system and a control PC
operating the shutter and stages.

Sample Preparation: Direct Laser Writing: For sample preparation, the
borosilicate cover slides (near UV transparent) were thoroughly cleaned in
a standard procedure using an ultrasonic bath in acetone and then
methanol (3-5min each). The cover glasses were then rinsed with
deionized water, and subsequently treated in an isopropanol ultrasonic
bath and rinsed again, dried with a spinner at 8 000 rpm for 30 s, and then
left on a hotplate at ~100 °C for at least 20 min. The composite is prepared

by carefully weighing desired ratios of CHDV, PAG, and oligofluorene
truxenes, and ultrasound is used to facilitate mixing and dispersion of the
T4. The composite is pipetted into a shallow (~500um deep) 10mm
x 10 mm basin in a block of PTFE plastic. The clean cover glass is placed
over the basin with care taken not to capture any air bubbles. The sample is
placed under the objective. The writing was carried out by moving the
sample while the shutter was open. The laser beam is static. After direct
laser writing, the structures were developed by taking the cover slide from
the plastic block and washing off in toluene for 5-10s.
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Mask-less ultraviolet photolithography based on

CMOS-driven micro-pixel light emitting diodes
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Abstract: We report on an approach to ultraviolet (UV) photolithography
and direct writing where both the exposure pattern and dose are determined
by a complementary metal oxide semiconductor (CMOS) controlled micro-
pixellated light emitting diode array. The 370nm UV light from a
demonstrator 8§ x 8 gallium nitride micro-pixel LED is projected onto
photoresist covered substrates using two back-to-back microscope
objectives, allowing controlled demagnification. In the present setup, the
system is capable of delivering up to 8.8W/cm® per imaged pixel in circular
spots of diameter ~8um. We show example structures written in positive as
well as in negative photoresist.

© 2009 Optical Society of America

OCIS codes: (110.3960) Microlithography; (230.3670) Light-emitting diodes; (220.4000)
Microstructure fabrication
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1. Introduction

Photolithography is the preferred method of micro-patterning, not only in electronics
manufacturing but also in such emerging areas as micro-electromechanical systems (MEMS),
micro-fluidics and ‘digital optical chemistry’ [1]. The process normally requires a custom-
produced hard photo-mask to be manufactured, which is expensive, time consuming, and
often limits flexibility. Much research has therefore gone into developing mask-less
photolithographic methods for rapid prototyping, e.g. laser direct writing [2] which is now a
commercial technique. Other mask-less approaches also under development include
projection writing using a single spatially filtered light emitting diode (LED) [3], and various
spatial light modulator (SLM) and digital light projector (DLP) based methods [4,5].

Micro-pixelated gallium nitride LED’s (‘micro-LEDs’), consisting of arrays of
individually addressable micrometer-sized light emitting pixels, are being investigated by
several groups for applications in areas including micro-displays, bioscience and
instrumentation. These devices offer spatio-temporal control of the emission pattern, and also
spectrally selective excitation because the emission bandwidth is typically narrow (~15nm
full-width at half maximum (FWHM)), with the central wavelength being defined by the
semiconductor epitaxy of the light-emitting quantum wells. Indeed, in a preliminary
demonstration [6] we were able to show some simple micrometer-sized exposure patterns in
photoresist achieved by a ‘first generation’ array designed to operate at an approximately i-
line photolithography wavelength (365nm). More recently, the technology has advanced to
the point where much higher powers are available per pixel through flip-chip bonding of the
devices [7] and independent element addressing by custom CMOS control circuitry is
possible [8].

Here we explore the implications for mask-free photolithography and other forms of
optical direct-write patterning engendered by these recent developments. A CMOS-controlled
8 x 8 flip-chip 370nm gallium nitride-based micro-LED array demonstrator is de-magnified
through various combinations of back-to-back microscope objectives. The CMOS is shown to
be capable not only of controlling the emission pattern, but also the exposure dose. We show
example structures written in positive as well as in negative photoresist. The system can be
used to directly reproduce the pattern on the micro-LED array and/or lines can be written by
moving the sample while one or several LED pixels are turned on. Our system can be
considered to bridge the gap between low cost, but low resolution, mask-less prototyping
techniques, such as the use of a photocopier [9], toner mediated lithography [10], or etching
through a mask made using a cutter plotter [11] (feature size limited to over 200um) and high
cost methods competing with traditional optical projection lithography (OPL) in terms of
resolution, such as scanning electron-beam lithography (SEBL), focused ion-beam (FIB)
lithography [12], interference lithography (IL) [13], maskless optical-projection lithography
(MOPL) [14,15], and zone-plate-array lithography (ZPAL) [16].

2. CMOS-bonded flip-chip micro-LED array

The AllnGaN quantum well micro-LED devices are based on 370nm-emitting epitaxial
wafers and are designed for flip-chip bonding. They consist of a 16 x 16 array of individually-
addressable micro-disk pixels, each 72um in diameter on a 100pum center-to-center pitch. The
sapphire (epitaxial substrate) side was !)olished and the substrate was diced into individual
device chips of approximately 3x3mm®, of which the active area is 1.6x1.6mm>. A bump
bonding process was used to electrically and physically contact these chips to a custom-



designed CMOS control device in the manner reported recently [8], such that alternate pixels
were operable, thus giving a light-emitting 8 x 8 array [Fig. 1(a)]. This was done due to the
bump bonding process, which currently limits the pixel to pixel pitch to ~200um.

The CMOS device permits continuous wave (CW) operation of the individual micro-
pixels, square wave and pulsed operation [8]. In CW operation, we measured a single bare
pixel to deliver an optical power of up to 604uW at a driving current of 80.0mA (340uW at
20mA) at 370nm. The frequency of the square wave (the repetition rate in pulsed mode) can
be set by the on-chip voltage-controlled oscillator (VCO) from 6MHz to 800MHz. With the
external clock facility any frequency can be chosen. In pulsed mode the duration of the pulses
can be controlled, ranging from 300ps to 40ns.

The spectral characteristic in CW operation at 27mA, measured after the imaging,
confirms that it is close to Hg i-line operation (peak at 370nm with a FWHM of 15nm).
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Fig. 1. (a) CMOS driven micro-LED device with pixels turned on to show a representative
double square pattern, and (b) the computer control interface as the pattern in (a) is addressed.

The CMOS control device was attached to a printed circuit board (PCB), which is
computer controlled via a field programmable gate array (FPGA) board (XEM3010-1000
from Opal Kelly). In the custom-made software interface, shown in Fig. 1(b), the mode of
operation of the CMOS chip can be set to linear feedback shift register (LFSR, not used in
this work), DC/External (if no external clock is present this is CW operation), or VCO. The
LED mode can be set to either DC/Square (CW operation or a square wave clocked to the
external or VCO frequency) or Pulse (pulse at a controllable duration with the repetition rate
set by external or VCO frequency). The VCO divider sets a value (1, 4, 16, or 64) with which
the VCO frequency is divided before it is used. A pixel or a pattern consisting of a set of
pixels can be chosen either by setting the row and column [upper right corner in Fig. 1 (b)] or
by highlighting the desired pixels in the grid pattern of the software interface. With the timing
control the LED on-time can be set accurately down to ~100ms

3. The setup

A photographic image and a corresponding schematic of the setup for mask-less
photolithography can be seen in Fig. 2. The setup consists of the CMOS driven computer
controlled micro-LED device mounted vertically on a manual XYZ stage, a horizontally-
mounted infinity-corrected microscope objective (Nikon CFI Plan Fluor Series) for light
collection (collection objective), a mirror to direct the light downwards, a 50-50 UV beam-
splitter cube, and a second (vertical) infinity-corrected microscope objective (projection
objective), mounted on a Z-translation stage, to project the LED array image onto the sample.
A CCD camera (Prosilica EC650C) with zoom lens attachment (Navitar, 11-110mm) adjusted
to focus at infinity is used to monitor the position of the sample or the LED array depending



on the orientation of the beam-splitter. Infinity-corrected objectives give collimated (or
parallel) output beams of the object in the focal plane, hence when the camera objective is set
to focus at infinity, the image displayed on the camera is optically conjugate to the focal plane
of each objective.

A piezo-driven stage (PI P-725.4CD) for the Z-translation of the projection microscope
objective gives a very accurate (100nm resolution with current driver and feedback measuring
system) control of the focus on the sample. The sarn%)le is placed on an XY stage (2 x PI M-
112.1DG) allowing for large areas (up to 25x25mm”) to be patterned. The computer control
allows for movement of the sample in any pre-defined pattern at a maximum velocity of
1.5mm/s and with a repeatability of ~1um.
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Fig. 2. A photograph of the micro-projection setup (a) and schematic of the same (b).

The two objectives can be changed to give the capability of magnifying or de-magnifying
the projected spots from the LED pixels. A range of microscope objectives with
magnifications from 4X to 40X gives theoretical spot-sizes from 7.2um (4X collection
objective and 40X projection objective) to 720um (40X collection objective and 4X
projection objective) when projecting the 72um diameter pixels of the micro-LED device. In
Fig. 3, four pixels can be seen through the 4X collection objective [Fig. 3(a)] and reflected off
a mirror placed at the sample position through the 40X collection objective [Fig. 3(b)],
showing how the system can demagnify the illuminated spot.

4. Characterization of the system

To characterize the performance of the system, the optical power per pixel delivered at the
sample was measured by placing a calibrated UV optical power meter (Coherent FieldMax
Top) at the sample position. The total projected power was measured to be 140uW with the
40X collection objective and 4.4uW with the 4X collection objective, all obtained at a CMOS
drive current of ~27mA. The projected powers are independent of the projection objective as
the transmission losses are low and very similar for this type of objective. The measurements
also indicate that there are only small transmission losses in the overall system (approximately
less than 4%), except for the beam-splitter where ~50% of the power is lost.

Projected spot-sizes are determined by imaging a reflection off a mirror placed at the
sample position. By using the high precision Z-translation stage the projection objective was
translated to match the focal plane to the reflective surface of the mirror. From the thus
acquired images, intensity profiles were taken of the projected spots and the FWHM values
were measured of the profiles. An example image, of the reflection from a mirror at the
sample position, is shown in Fig. 3(b). The intensity profile through the centre of the two top
spots in Fig. 3(b), is shown in Fig. 3(c). In this particular case, the 4X collection objective and
the 40X projection objective were used, giving spot sizes of approximately 8um FWHM. The
form of the intensity profile is determined by the emission pattern from the light emitting
pixel and typically has brighter edges, attributed to sidewall scatter in the emitting pixels. This



feature, although unintended, is actually beneficial when exposing photoresist as it gives
better defined feature edges compared to the case with a Gaussian intensity profile.
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Fig. 3. Four LED pixels turned on., (a) on the device itself and (b) reflection off a mirror at the
sample position, showing the focal spot size at the applications plane. The dashed line
corresponds to the trace of the intensity profile plotted in (c).

By combining the spot-size measurements with the power measurements for various
combinations of objectives, the intensity values presented in Table 1 were obtained. The
maximum power density value of 8.8W/cm® permits the required exposure dose for most
photoresist types to be reached in fractions of a second (e.g. 46ms for an exposure dose of
400mJ/cm?).

Table 1. Intensities delivered by different collection and projection objectives. Image
plane spot sizes measured in FWHM are in parentheses. Spot sizes have also been
established by measurements in exposed photoresist and the errors in the measurements
below are determined to be less than + 10% throughout.

Collection objective\ Projection 4X 10X 20X 40X
objective
4X 88mW/cm? 0.51W/cm? 1.7W/cm® (18um)  8.8W/cm?
(80um) (33um) (8.0pum)
40X 25mW/cm?® 0.16W/cm® 0.61W/em® 3.3W/cm?
(850um) (330um) (170um) (73um)

The 4X collection objective has a larger field of view (~4mm), but it also has a lower N.A.
which means it has a lower collection angle. This allows for the whole micro-LED device
(1.6x1.6mm?) to be imaged at once, but with the trade-off of lower light collection. Despite
this, the highest optical power density is achieved using the 4X collection/40X projection
objective combination. When calculating the power densities, all power was assumed to be
uniformly distributed within the spot diameter [c.f. ‘flat top’ beam profiles in Fig. 3(c)].
Dosage energy is given by multiplying the optical power by the exposure time. When the
sample is moving the dosage curve is given by

e 2P

2 2
IR R=y

where P is the total power, R the pixel radius, v the velocity, and y (<R) the coordinate
perpendicular to the velocity, i.e. a half-circular dosage curve.

The measurements presented above are all made under CW (DC driven) operation,
however the CMOS driver provides the capability to use pulses for exposure. By adjusting the
length of each pulse at a given repetition rate, effectively changing the duty cycle to the LED
pixel, the projected optical output can be accurately controlled. Figure 4 shows how the
average projected optical power varies with pulse duration from 0.5ns to 40ns at an example
fixed repetition rate of 9.75MHz. The power scales linearly, but the pulsed driving of the LED
allows us to explore the intermittent curing behaviour of photoresists [17]. This feature of the
CMOS driver can also, in principle, be used to correct differences in output power between
pixels and to compensate for collection efficiency variations over the field of view.
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Fig. 4. The relationship between average projected power and pulse width is linear for long
enough pulses. Repetition rate = 9.75 MHz throughout. The insets are optical micrographs of
exposed dots in NOAS81 negative photoresist on glass substrates exposed for 40s at 5ns, 20ns
and 40ns pulse width. The spot diameters are 11pm, 17um and 24um, respectively.

5. Patterning experiments

To test the micro-lithography system, a number of different ‘demonstrator’ patterns were
produced in positive as well as in negative photoresist. An optical adhesive from Norland
(NOAS1) was chosen for the negative type photoresist because of its excellent adhesion to
glass and relatively low viscosity, allowing thin films to be spun on substrates and hence
offering the possibility of feature a few pm in size. The optical adhesive has a spectral IZ)eak
sensitivity at 365nm and the manufacturer’s recommended dose for full cure is 2J/cm”. In
preparation, substrates of borosilicate glass were cleaned thoroughly in an ultrasonic bath with
acetone and subsequently methanol. They were then rinsed in deionised (DI) water and dried
on a hotplate at 110°C for at least 20 minutes. NOAS81 was then spin-coated at 8000 rpm for
40s, resulting in a film thickness of 1.7um as measured by a stylus (DekTak) profilometer on
cured structures. The substrate with the Norland film was placed on the XY stage and then
exposed by the UV light from the micro-LED device projected through the setup. Directly
after the exposure, the development was done by immersing the substrate in acetone for 1
minute. The substrate was cleaned of acetone and polymer residue in running methanol and
subsequently in running DI water. The ‘IoP’ logo in Fig. 6(a) is used as a demonstrator
pattern. The ‘I’ and the ‘P’ were exposed with square wave addressing for 8s while the ‘o’
was exposed for 4s, giving an average exposure dose of 10J/cm” for each dot. This variation is
due to the collection efficiency decreasing as the distance from the centre of the imaging area
increases, which we note can be corrected for directly by the CMOS control. Small variations
in exposure dose exist because pixel to pixel uniformity is not perfect. These issues can also,
however, in principle be compensated for by adjusting the CMOS control duty cycle for each
individual pixel.



.

Fig. 5. (a) Three lines in NOAS81 written in, respectively, CW mode, with 50ns pulses and with
40ns pulses at a velocity of Sum/s. Widths are 11pum, 8um and 8um respectively. (b) Close up
on the middle line showing good uniformity of the line width.

Further curing experiments in NOAS81 were performed under pulsed operation of the LED
device. By varying the pulse width from 5ns to 40ns, and hence the exposure dose from
16.4J/cm® to 120J/cm?, spot-sizes ranging from 11um to 24um diameter were written with an
exposure time of 40s. A selection of these written dots is shown as insets in Fig. 4. Lines in
NOAS8I1 were also written under pulsed operation, as well as in CW. The lines shown in
Fig. 5(a) were exposed with a maximum dose, in the middle of the line, of 14.7J/cm2,
6.0J/cm’, and 5.4J/cm’ going from right to left, corresponding to line widths of 11um, 8um,
and 8um respectively. The height of the lines was determined to be 1.7um (i.e. curing the full
thickness of the film), 0.9um, and 0.9um, by a stylus (Dektak) profilometer. The uniformity
of the cured lines is good and shows no bulging or other variations.

Fig. 6. (a)'IoP’ (Institute of Photonics) pattern in NOAS81. The exposed dots are 8-9um in
diameter. (b) Four parallel channels written in Microposit S1805 photoresist at a velocity of
100um/s. Lines are 9-11um wide. The two different patterns were chosen to show the static
and dynamic writing capability of the system.

For the positive photoresist features as shown in Fig. 6(b), a standard photoresist,
Microposit S1805 from Shipley, was used. It is optimized for g-line (436nm) exposure, but
works well for exposure wavelengths down to 350nm. Recommended exposure dose at the g-
line is 150mJ/cm”. Silicon substrates were cleaned thoroughly in an ultrasonic bath with
acetone and subsequently methanol. They were then rinsed in DI water and dried on a
hotplate at 110°C for at least 20 minutes. The photoresist was spun at 2000 rpm for 30s. The
substrate with the 0.7um thick film was then placed on a hotplate at 120°C for 1 minute to
soft-bake the photoresist prior to being exposed. After the exposure, development was
completed using a micro-developer solution (Microposit 1:1 volume ratio with deionised
water). The substrate was immersed and gently moved around in the solution for a duration of
1 minute. Residue developer was washed off with DI water. The four “channels” seen in
Fig. 6(b) are written by turning on four individual pixels (each delivering an optical power of
~2.5uW to the sample) in one column of the micro-LED array while moving the sample at a



velocity of 100um/s. This corresponds to a maximum exposure dose, in the middle of each
channel, of ~400mJ/cm’.

Fig. 7. (a) Micrograph showing an array of exposed dots in S1818, each with a diameter of
~9um. (b) Oblique SEM image of the same array, showing well defined sidewalls and good dot
to dot uniformity.

As a further demonstration patterns were written in a thicker positive type photoresist,
Microposit S1818 from Shipley. Glass substrates were cleaned in a similar manner to
previous samples and were subsequently covered with a ~2.0um thick layer photoresist by
spincoating. The samples were then exposed simultaneously by four pixels for the duration of
2s in pulsed mode, giving an exposure dose of 1.1J/cm’. The sample was then translated
40um and an other exposure was performed. This was repeated four times and followed by a
development step as described above. The resulting pattern is shown in Fig. 7. The scanning
electron microscope (SEM) image in Fig. 7(b) was taken by a Hitachi S4700 in ultra high
resolution mode and confirms that we have well defined patterns with close to vertical
sidewalls.

6. Conclusion

By combining novel CMOS driven micro-LED arrays with a projection system, we have built
a versatile computer-controlled micro-photolithography tool capable of writing features down
to ~8um in positive and negative photoresist. It is capable of simultaneously exposing
multiple spots and has, through the CMOS driving mechanism, facility to precisely control the
dose delivered during a determined period of time as well as capability to correct for non-
uniform exposure across the field of view. This type of system offers attractive prospects for
many areas of direct write photo-patterning and patterned photo-stimulation, including
polymer microstructuring, mask-less photolithography, digital optical chemistry, microfluidic
systems and optogenetics [18]. Our demonstrator establishes a baseline capability, but offers
considerable scope for further scaling and refinement. Wavelengths from deep ultraviolet to
violet can readily be chosen for spectrally selective excitation and we have developed flip-
chip devices of pixel diameter 5-10um, where there is a separate bond-pad for each pixel for
“off-pixel” bump bonding to CMOS. When incorporated into the system at 10:1 de-
magnification, we anticipate being able to create 8 x 8 arrays capable of writing features down
to ~lum. There is the prospect of further scaling of the number of CMOS controlled pixels.
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1. Introduction

Colloidal semiconductor nanocrystals (NCs) have been widely reported in recent years for
applications including selective biological labeling [1] and optoelectronics [2,3]. The most-
studied NCs have been those with a CdSe core and a ZnS shell, which can be surface-
functionalised, and tailored by varying their mean size to give narrow photoluminescence
(PL), sharp excitonic absorption and high quantum yields across the visible spectrum. Usually
they are dispersed in a solvent such as toluene, chloroform or water [4]; however, for many
applications such as optoelectronics the NCs are required in solid film phase. Polymers are
attractive candidates to be blended with NCs for such applications as they are easily
processable materials and are readily transparent in the near UV and visible region provided
they do not quench the NC luminescence and keep them in a uniform distribution. Surface
modification can be applied to make the NCs compatible with most relevant organic materials
[5], but poly(methyl methacrylate) (PMMA) was first reported as a matrix for as-received
NCs [6]. Spectral shifting in the photoluminescence was a major drawback in the latter case
which has subsequently been addressed using a pre-polymerized polymer [7,8]. In recent
developments, epoxy resins have also been used as matrices with single-wavelength or mixed
NCs to realise encapsulating color converters for light-emitting diodes (LEDs) [9]. Spectral
conversion of light-emitting diodes emission has aso been achieved using fluorescent
microspheres [10].

We report here a further step in the integration of NCs with LEDs by developing a * self-
aigned’ technique [11] capable of controllably micro-forming NC/epoxy resin
nanocomposites on micro-pixellated AlinGaN LEDs (‘ micro-LEDS') [12]. Micro-LED arrays
are very attractive pattern-programmable optoelectronic micro-projection sources being
explored for a wide range of display and instrumentation applications [13,14]. They come in
many formats, but typically consist of a few hundred to a few thousand individualy-
addressable micro-pixel LED elements in a device active area of a few square millimetres,
emitting at one given wavelength defined by the particular nitride epitaxial structure used. By
utilizing devices operating at 370nm, we show that one can selectively fabricate
nanocomposite microstructures aligned to the underlying active device structures, thus
opening up the benefits of quantum dot color converters and potentially integrated quantum
dot laser structures with these sources.

The UV micro-stripe AllnGaN LEDs used as demongtrators in this work are chosen for
convenience and for their relevance to producing multi-color versions [15] of the structured
illumination microscopy we have explored previously [16]. They involve a similar epitaxial
structure and fabrication process to those reported earlier [17]. Rectangular parallel mesa
structures, 3600x20um?, are dry-etched down to the n-GaN underlayer using inductively
coupled plasma (ICP) etching, creating 120 side-by-side micro-stripe pixels in the LED
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epilayer with a 34um centre-to-centre spacing. As a result, al the mesas share a common n-
electrode. A p-metallization layer runs on each pixel with an independent connection pad for
individual current injection. The emitting area of each pixel is defined by an aperture in the p-
metal layer 300um long and 12um wide. The NCs used in these experiments are
commercialy available CdSe/ZnS samples (Evident Technologies Inc.) dispersed in toluene
with emission from blue (481nm) to red (610nm). The epoxy resin used is a cross-linkable
polymer photosensitive at 370nm.

2. Nanocomposite prepar ation

The nanocomposites are blends of three components comprising the colloidal NCs in toluene,
an epoxy matrix in a pre-polymerised form with photo-initiator which acts as a host matrix
and a vinyl ether monomer which is believed to help the dispersion of the NCs in the epoxy
matrix. The nanocomposite preparation aims to achieve a solution of 0.2% weight percentage
(w/w) of NCs in the epoxy matrix. First, the NCs are mixed with a fixed weight of vinyl
monomer for al the NCsin toluene. The solution is then agitated in an ultrasonic bath a room
temperature for 30 minutes. The UV-sensitive epoxy pre-polymer is then weighed on a high
precision scale and added to the NCg/vinyl solution to achieve the designated concentration.
Further agitation in an ultrasonic bath is then carried out for 1 hour. As a consequence, the
solution has a uniform dispersion of NCs with a low viscosity due to the dilution of the epoxy
pre-polymer by toluene. In addition, at this stage this inorganic/organic blend is UV-curable
due to the epoxy pre-polymer but it has no particular sensitivity to temperature. The last step
of the nanocomposite preparation is then the evaporation of the toluene and other solvents
contained in the epoxy pre-polymer to produce a more viscous solution while preventing the
latter from curing. To achieve this, magnetic stirring on a hot plate at 180°C (the toluene
boiling point is around 110°C) in air for severa hours is performed, with rapid cool down
under tap water every hour to stop evaporation and determine the viscosity of the solutions.
The solvent evaporation time varies with the type of NCs used in the blend. The evaporation
time increases for NCs emitting at shorter wavelengths. Table 1 lists the NCs used to make the
respective solutions, along with their concentrations in toluene. As the NC concentration
decreases when their emission goes to the blue region of the spectrum, alarger volume of NCs
in toluene has to be mixed with the epoxy pre-polymer, for example in the case of the blue
emitting NCs compared to the red emitting ones, in order to achieve the same concentration.
As a consequence, the red NC solution has less added solvent to evaporate and takes about
5h30 while this time increases to 7h30 in the case of blue emitting NCs. These evaporation
times are empirical values and do not result from viscosity measurements; as a consequence,
the viscosities of the solutions are all different and are the result of almost complete
evaporation of the solvents. The solutions are usually kept in arefrigerator and they are left at
room temperature for 30 minutes prior to any processing. No apparent degradation of the
nanocomposites has been noticed while samples are kept in these conditions for severa
months.

3. Integration experiments

Four solutions of 0.2% w/w were prepared with the NCs summarised in table 1. The self-
alignment technique uses individual micro-LED elements emitting around (in this case)
370nm to locally photocure the nanocomposite deposited on top which then provides an
appropriate aligned micro/nanostructure to color convert the output of the same element. To
achieve this, the nanocomposite is initially spin-coated onto the device. The packaged
micropixelated LED is loaded in a spin coater and a film of NCs/vinyl/epoxy solution is
deposited using a spinning speed of 4000 rpm for 40 seconds achieving 20 to 25um thick
films. The micropixels to be covered are then switched on at a specific driving current for a
certain amount of time to give the correct exposure dose to the polymer film that triggers
curing and cross-linking. The uncured nanocomposite is then washed off using a toluene bath
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for 20 seconds followed by rinsing in deionised water. These steps can be repeated severa
times on the same pixel to build up athicker encapsulation. The devices have been electrically
characterised and they have a typical turn-on voltage of 3.6V. All the self-alignment curing
has been done at a driving current of 0.5mA giving an optical power density of 4.4mW/cm? in
the spin-coated film. Depending on the nanocomposite considered, different exposure doses
are required; the red NCs nanocomposite needs a dose as high as 93mJcm? while the blue
NCs blend requires only 9mJcm?.

Table 1. Commercial CdSe/ZnS core/shell NC absorption, fluorescence characteristics, F?WVHM and concentrationsin
toluene (from datasheet). Fluorescence peaks are given with an error margin of +/-10nm.

1st Emission Typical .
NCs absor ption peak F\)//\E)H M COF;Z?:;Et)' on
peak (nm) (nm) (nm)
Lake Placid Blue 462 481 <40 0.29
Adirondack Green 513 526 <35 1.19
Hops Yellow 542 561 <30 13
Maple Red-Orange 591 610 <30 1.77

This difference could be attributed to a photon harvesting competition between the
photosensitive initiator of the epoxy pre-polymer and the NCs but also to a modification in
the curing kinetics within the matrix itself due to possible polymer chains propagation
alteration by the NCs. The difference of exposure doses is directly related to the typical
absorption curves of the corresponding NCs. With an excitation wavelength near 370nm, as
in our case, red NCs absorb much more strongly than the blue NCs as shown in fig. 1. To
separately characterize absorption and emission properties, each nanocomposite was spin-
coated on clean glass substrates and spectrally analysed with a UV-VIS Cary
spectrophotometer for the absorption and a Perkin Elmer LS 50B for the fluorescence
spectra. The film thicknesses were then measured with a stylus profilometer. A reference
baseline of a clean glass substrate with a corresponding spin coated and cured vinyl
ether/epoxy polymer was also measured in both instruments. The resulting absorbance
spectra confirm the assumption of differing absorbance for different types of NC used in the
nanocomposite fixed at the same concentration (0.2% wi/w). For instance, the red
nanocomposite has an absorbance at 370nm of about 65cm™ while the yellow, green and blue
nanocomposites have lower absorbance of about 42cm™, 39cm™ and 32cm™®, respectively.
The fluorescence spectra of the different nanocomposites also included in fig. 1 show peaks
at respectively 604nm, 555nm, 518nm and 477nm. All the peaks are dightly blue-shifted in
comparison with the centred values from the datasheet given in table 1 but within the error
margin for sample variability. The measured full widths at haf maxima (FWHM) are very
similar to the manufacturer’s values: 30.5nm for the red and yellow nanocomposites and
32.5nm for the green and 35.5nm for the blue nanocomposites.
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Fig. 1. Absorbance and emission spectra of the NC nanocomposite films after photocuring

Figure 2(a) is an optical micrograph under white light illumination of an integrated
nanocomposite (left) produced by the self-aligned direct writing technique. The patterned
nanocomposite covers the entire emitting area of the micro-pixel and only that micro-pixel. A
schematic of the integration (centre) and a typical micro-pixel in operation before sdlf-
aligned writing are also represented (right).

Microstripe LED
with nanocomposite

Microstripes LEDs

Fig. 2. Optical micrographs of respectively, (a) an integrated nanocomposite microstructure
under white light illumination (left), a schematic of the integration (centre) and a representative
single operating UV pixel (right) and (b) encapsulated micro-LEDs turned-on showing efficient
blue, green, yellow and red colour conversion from the UV-emitting micro-pixels by the NCs
nanocomposites.

Figure 2(b) shows the full range of nericcomposites microstructures integrated onto one
micro-LED array. As a consequence, a full visible range of colours is enabled on a same
micro-LED array chip with up to five different colour emitters (including UV). However, a
broadening of the microstructures is noticeable while considering the nanocomposites
emitting to longer wavelengths. This effect is attributed to the increase of the exposure doses
for some blends while the microstripes LEDs are driven at constant injection current
(constant optical output power). With a constant optical output power, alonger exposure time
is needed for achieving a high exposure dose, which results in active cationic polymerization
centres to diffuse out of the illumination area. A simple way to address this issue would be to
keep the exposure time congstant while changing the micro-LED output to meet the
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requirement for the exposure dose. A pulsed mode operation for curing could also be
employed to achieve uniform polymerisation [17] and is under investigation with our
devices.

4, Results

The spectral analysis of these hybrid devices is employed to characterize the colour
conversion. Blue, green, yellow and red nanocomposites have been integrated by the self-
alignment writing method. The PL spectra of the integrated NCs nanocomposites are
measured with a UV-visible fibre-coupled calibrated optical spectrometer (Ocean Optics
USB4000) with 800ms integration time and aligned with the considered micro-emitter through
a 200um wide dlit placed aligned perpendicularly to the micro-pixel and approximately in the
middle so emission from about 50um on both sides of the micro-pixel is not collected by the
set-up. Fig. 3 gives the spectral anaysis of the emission of particular pixels driven at an
injection current of 3.6mA and normalised in respect to the unconverted UV peak intensity.
For clarity, and to display all the results together, only the UV emission corresponding to the
optical pumping of the red-emitting nanocomposite is shown on this graph, but it was
common to al. In addition, the emission spectra for the yellow, green and blue
nanocomposites are vertically offset for clarity. While the micro-LED emission peaks at
370nm is clearly noticeable, peaks at 609nm, 560nm, 524nm and 486nm demonstrate the
successful optical pumping by the micro-pixel directly underneath and the colour conversion
by the NCs nanocomposites from UV to different coloursin the visible, from blueto red.
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Fig. 3. Emission spectroscopy of a device with blue, green, yellow and red NCs
nanocomposites encapsulating single micro-pixel driven at the same injection current of 3.6mA

The emission spectrum of the yellow nanocomposite in fig. 3 shows an extra peak at 524nm
along with the expected peak at 560nm, which is attributed to an adjacent integrated green-
emitting nanocomposite which is optically pumped by scattered UV light from the mesas of
the micro-emitters. The absorption properties of these NCs nanocomposites allow a radiative
energy transfer of the yellow emission to red-emitting NCs nanocomposites and, generaly,
from high energy emitting to lower energy emitting nanocomposites (fig. 1). The red-emitting
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nanocomposite is susceptible to absorbing the emission of al the others but as it was spaced
several micro-LEDs elements away on the array from the blue, green and yellow-emitting
NCs, only avery weak red-contribution is noticeable in the fluorescence spectra concerned.

The optical output power was then characterised to determine the colour conversion
efficiency of such devices. First a bare micro-LED was characterised using a UV-enhanced S
photodetetector placed in close proximity (~2mm) to the emitting pixel. The pixel isturned on
and the light output power is collected for different driving current. Fig. 4 plots these results
with an emission at 370nm. A bare microstripe with dimensions of 300pum x 12um gives an
optical output power as high as 34uW at a driving current of 40mA (~944mW/cm? optical
power density at a driving current density of 55A/cm?, current injected over the full length of
the mesa structure, 3600x20pm?). Subsequent measurements are carried out after the
nanocomposite integration on similar microstripes. The same measurement method is used
through coloured glass long-pass filters to remove the unconverted UV. For the red-emitting
nanocomposite, a cut-off frequency at 520nm and 95% transmission at 610nm is chosen. The
results are also plotted in fig. 4; the output power collected at 609nm reaches a maximum of
about 6UW at a driving current of 40mA (~166mW/cm? optical output power at 55A/cm?
current density). The approximate colour conversion efficiency at 40mA driving current can
be egtimated for the red-emitting NCs nanocomposite to be about 17.7% (with compensated
loss from the filter) (18.2% at 30mA). Yellow (560nm), green (524nm) and blue-emitting
(486nm) nanocomposites optical output powers are also plotted in fig. 4 and achieve
respectively about 3uW, 0.15uW and 0.05uW at 40mA driving current (~83mwW/cmy,
~4mW/cm? and ~1.3mW/cm? at 55A/cm?). The respective estimated colour conversion
efficiencies are 9%, 0.5% and 0.2% (with compensation from filter 10ss).

100 5
E - ] u u u
10 L "
3 § l'.-- o © o ®
] [
= ] I. ...0 : < | < < <
o) 14 & .::‘4«
S
oY ] :1‘
5
s o o ¢ 03 : :
—= A A
© A A
:.(—3 "w Typical UV-emitting microstripe
8‘ 0.01 A Red-emitting NCs
A Yellow-emitting NCs

Green-emitting NCs
Blue-emitting NCs

XYY ) |

1E-3 v T v T v T v T v T v T v T v T
0 5 10 15 20 25 30 35 40
Current (mA)

Fig. 4. Typical optical powers versus injection current for UV microstripe LED and integrated
NC nanocomposites by self-alignment writing.
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The characterisation of the eventual saturation of the emission of these NCs nanocomposites
is an interesting feature to inspect. Figure 5 shows the experimental spectral data relevant to
this experiment. Spectra are taken with increase of the driving current in the device. Although
only the pixel with the NCs nanocomposite emitting at 609nm is turned on, shoulders emitting
at 526nm and 561nm are noticeable, although no radiative transfer is possible in this situation,
these peaks are attributed to UV light scattering out from the microstripe mesa structure
optically pumping these adjacent nanocomposites. The spectral evolution shows no
wavelength shift in the case of the nanocomposite; however, the peaks — both UV and red -
broaden. The evolution of the peaks at 370nm and 610 nm were then recorded and the area
underneath each was integrated to take into account this broadening effect. The UV pesk is
integrated on the 350nm to 409nm range and the peak at 610nm from 590nm to 630nm. The
ratio of the integrated values of the 610nm peak over the UV emission peak at 370nm
(Sne/Suv) is then plotted versus the driving current in inset of fig. 5. A linear law could fit this
evolution meaning that no saturation of the nanocomposite was observed; however, the
conversion coefficient is not constant over the driving current which could be attributed to
different spectral broadening of the micro-LED and the NC emissions. The conversion
efficiency is approximated to be 18% at a driving current of 30mA. This value reasonably
matches the estimation obtained with the optical output power. Further saturation study shows
that a focussed laser beam down to a 500pum diameter spot with optical power ranging from
OmW to 15mW does not saturate a 20pum thick nanocomposite film at a concentration of
0.2%wi/w with either blue, green, yellow or red NCs. Saturation and lifetime characterisation
of these nanocomposites are in progress and will be reported later.
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Fig. 5. Red-emitting NCs nanocomposite emission spectrum optically pumped by the micro-
LED underneath over the driving current. Inset, peak area ratio of the emissions at 370nm and
609nm.
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4, Conclusion

We have reported the successful use of a self-alignment technique to integrate NC
nanocomposites onto micro-scale LEDs, as a means of producing multi-color programmable
microstuctured sources for a range of applications in displays, microscopy and
optoelectronics. The NC nanocomposites are a mix of the NCs in toluene, a vinyl ether
monomer and an epoxy polymer. After solvent evaporation, the solutions present themselves
as a viscous, spin-coatable and UV-sensitive solution with NC densities ranging from 64x10™
cm™ to 525x10™ cm™ respectively for the red to blue nanocomposites. The measurements of
the absorbance and fluorescence spectra of cured nanocomposites spin-coated onto glass show
the successful creation of NC nanocomposites with typical characteristics similar to the
colloidal NCs in toluene. The integration of the nanocomposites covering emitting area of
single microstripe LEDs shows good color conversion characteristics. Color conversion up to
18.2% is thus achieved in the case of the red-emitting NCs for an injection current of 30mA.
Converted optical power density up to 166mW/cm? at 609nm is achieved at a driving current
density of 55A/cm? in a micron scale format. This technique and the advantage of using UV
devices alow the fast creation of multi-colour micro-LED chips with emission ranging from
the UV to the red making this sort of device particularly attractive for lab-on-chip and other
instrumentation applications.
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