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Abstract

Micro-pixellated light-emitting diodes (‘micro-LEDs’), fabricated in the AllnGaN alloy
system, are a novel format of micro-scale, spatially and temporally-controllable light
source. These devices consist of arrays of LED pixels with sub-100 pm dimensions
and peak emission wavelengths ranging from the ultraviolet across the visible spectrum.
The emission wavelengths, high output powers of up to 5 mW per pixel, output pro-
grammability, relative compactness and simplicity of micro-LEDs make them attractive
candidates as light sources for a wide range of applications ranging from micro-displays

to microscopy.

This thesis will focus on investigations demonstrating the suitability of micro-LEDs for
two particular applications, namely time-resolved fluorescence lifetime measurements
and visible light communications. To show potential as truly practical devices for these
applications, the ability to easily control the output of the micro-LED arrays is vital.
As such, various designs of electronic control chips, based on Complementary Metal-
Oxide-Semiconductor (CMOS) technology, are presented. The characteristics of these
CMOS-controlled micro-LEDs are investigated.

Compact time-resolved fluorescence lifetime measurement systems based on CMOS-
controlled micro-LEDs are shown. ‘Proof-of-principle’ measurements on samples of col-
loidal quantum dots, light-emitting polymers and organic dyes have been undertaken
which allow for the fluorescence lifetime of these samples to be determined with reason-
able accuracy, highlighting the potential for such measurements, typically restricted to
laboratory environments due to bulky and/or expensive equipment, to be performed in

a relatively simple, robust and compact system.

The potential of micro-LEDs as light sources for optical communications has also been
investigated. The modulation bandwidth of various formats of micro-LED device have
been measured, with bandwidths of up to 450 MHz found, amongst the highest ever
reported for AllnGaN-based LEDs. Error-free transmission of optical data was demon-
strated from individual micro-LED pixels at bit rates of up to 1.1 Gbit/s. These results
highlight the attractiveness of micro-LEDs for visible light communication in both free-

space and fibre-coupled embodiments.



Chapter 1

Introduction

This thesis focuses on the integration of micro-pixellated light-emitting diode (micro-
LED) arrays with electronic control circuitry and some applications of these devices.
As such, this first chapter functions as a general introduction to light-emitting diodes,
with a particular focus on LEDs fabricated in the Aluminium-Indium-Gallium-Nitride
(AllnGaN) alloy system, as this is the system that the micro-LEDs are fabricated from.
The chapter opens with a summary of the historical development of LEDs and the
future prospects for highly-efficient illumination LEDs. The subsequent section will
describe the basic principles of LED operation, and the following section discusses the
properties of the AllnGaN alloy system in more detail, including how these materials
are grown and processed into LEDs. Finally, light-emitting polymer and quantum dot
colour-converting materials are introduced. These materials will be presented later in
the thesis as samples for fluorescence lifetime measurements or for colour-conversion of

micro-LED emission.

Chapter 2 will follow on from the introductory chapter by describing the concept of
micro-LEDs. The development and advantages of these devices will be summarised, and
some novel applications of micro-LEDs will be presented. The specific design and per-
formance of the micro-LEDs to be used throughout the thesis will then be given. To be
able to easily control the output of the micro-LED arrays is vital in order to utilise their
capabilities fully. Chapter 3 will discuss how micro-LEDs can be integrated with Com-
plementary Metal-Oxide-Semiconductor (CMOS) electronic circuitry such that the LED
pixels can be independently controlled. Chapter 4 will discuss one specific application
of these CMOS-controlled micro-LEDs, namely as pulsed optical excitation sources for
time-resolved fluorescence measurements. Specific fluorescence lifetime measurements
will be presented to show the capability of these devices. Chapter 5 will discuss the

potential of micro-LEDs for optical communications. The modulation bandwidths of
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FIGURE 1.1: (a) LED headlights in the Audi A8, (b) green InGaN LEDs in traffic
lights which consume less power and have longer operating lifetimes than conventional
incandescent bulbs, (¢) Samsung Series 8 LED television.

individual pixels will be shown to be up to ~450 MHz, and a proof-of-principle optical
data transmission system will be shown to be capable of transmission at up to 1.1 Gbit/s
using a single micro-LED pixel. Finally, the thesis will close with some conclusions about

the work presented here, along with some future work plans.

1.1 The development of light-emitting diodes

It is generally considered that the first light-emitting diode was accidentally produced
in 1907 by Henry Joseph Round. It was made from Silicon Carbide (SiC) and emitted
a yellowish light [1]. In the 1960s practical LEDs first began to be commercialised, with
the Monsanto Corporation being the first to mass produce low-cost LEDs, beginning
with red-emitting Gallium-Arsenide-Phosphide (GaAsP) LEDs in 1968. Following on
from this, emission from red to green was achieved using N-doped GaAsP LEDs [2], and
green-emitting N-doped GaP LEDs [3]. Early applications of these LEDs included use
as indicator lamps in computers, and in displays in digital wrist watches and calculators.
The output power, efficiency and wavelength coverage of LEDs has improved dramati-
cally since those early devices and LEDs can be found in widespread applications today,
including familiar everyday uses ranging from flat-panel televisions to car headlights
(figure 1.1).

Although relatively efficient red to green emitting LEDs have been available since the
late 1960s, it was not, until the 1990s that the capability to efficiently produce light across
the entire visible spectrum was made possible by advances in the fabrication of materials
based on the AllnGaN alloy system. Prior to developments in AllInGaN technology in
the 1980s and early 1990s, the alloy system which was believed to hold the most promise
for producing efficient LEDs emitting at blue wavelengths was SiC, since this material
could be grown with better crystal quality than AllnGaN. Blue-emitting SiC LEDs were
sold commercially until the early 1990s, though are no longer commercially viable due

to their very low efficiency (=~ 0.005%). LEDs based on the AllnGaN alloy system have
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since been shown to be far superior in performance. Although single-crystal GaN was
first demonstrated as far back as 1969 [4], for decades the ability to fabricate LEDs
from this material was held back, primarily by the inability to grow p-doped GaN due
to the incorporation of oxygen and/or water vapour during growth [5]. It was not until
the 1980s that breakthroughs began to be made, first by switching to growth by Metal
Organic Chemical Vapour Deposition (MOCVD), a process which removes the problem
of contamination. The first MOCVD-grown blue-emitting GalN LED was demonstrated
in 1984 by Kawabata et al. [6]. Work by Amano et al. [7] in 1986 produced much
improved crystal quality by the incorporation of an AIN buffer layer, which is now a
standard process that greatly reduces the defect-density in GaN films. Further work on
annealing of samples allowed low resistivity p-type GaN to be grown [8, 9], and a novel
‘two-flow” MOCVD system was developed which allowed high quality uniform GaN films
to be grown. This work has led to the development of high-power AllnGaN-based LEDs
[10] and laser diodes [11] from the 1990s to the present day. The growth and processing
of AllnGaN-based LEDs will be covered in more detail in section 1.3.

It is now possible to produce high-performance LEDs with light emission ranging across
the entire visible spectrum, by fabricating LEDs from the phosphide, arsenide and nitride
ITI-V materials systems. Invisible ultra-violet (UV) and infra-red (IR) light can also be
generated by LEDs. The external quantum efficiency (EQE, or 7¢,) of an LED is defined
as the ratio of the number of photons emitted by the LED into free space to the number
of injected charge carriers. The internal quantum efficiency (IQE), on the other hand,
is the ratio of the number of photons emitted by the LED active region to the number
of injected charge carriers. Figure 1.2 shows the EQE versus wavelength for LEDs made
from two important I1I-V materials systems, along with the human eye response, V().
It can be seen that the EQE is relatively poor in the green-yellow spectral region, where

the human eye is most sensitive. This is referred to as the ‘green gap’ or ‘green-yellow’

gap.

This extended coverage of wavelengths has opened up many new applications for LEDs.
Currently, the possibility of using AllnGaN LEDs to efficiently generate white light is
attracting the most attention and is driving the advancement of this material system.
AllnGaN LEDs have the potential to generate white light much more efficiently than
conventional incandescent or fluorescent sources and thus to form the basis of ‘solid-
state lighting’. White light can be obtained using LEDs in a number of ways, the
most common of which is to combine the emission from a blue-emitting LED and a
yellow-emitting phosphor, which will be discussed in more detail in section 5.4. It is
anticipated that white light sources based on LEDs will eventually be up to 63% more
efficient than fluorescent lamps and up to 90% more efficient than incandescent bulbs

[12], with the additional advantage that LED lamps can have operating lifetimes that
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FIGURE 1.2: Summary of the luminous efficacy of I1I-V LEDs, from [13].
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FIGURE 1.3: Comparison of the efficacy of different white light sources, from [12].

can exceed 100,000 hours, compared to 1000 hours for an incandescent bulb. There are
several ‘figures of merit’ which are commonly used to quantify the performance of LEDs
and other light sources. The luminous flux of a light source, measured in lumens (Im) is
a measure of its output power as perceived by the human eye and the luminous efficacy
of a source is defined as the ratio of the luminous flux of the source to the total output
optical power, measured in Im/W. The luminous efficiency is defined as the ratio of the
luminous flux to the total input electrical power, whereas the power efficiency (commonly
referred to as the ‘wallplug efficiency’) is the ratio of the total optical output power to
the total input electrical power. Figure 1.3 shows a comparison of the luminous efficacy
of conventional light sources with the efficacy expected from solid-state lighting in the
near future. Should such devices replace fluorescent and incandescent light sources huge

economic and environmental benefits will result.

In addition to solid-state lighting, AllnGaN LEDs are also attractive light sources for
other applications due to their longer operating lifetime, lower power consumption, com-

pact form, low cost and robustness. LEDs are particularly suitable for use in portable
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FIGURE 1.4: (a) Schematic of a typical ‘indicator’ LED and (b) a high power Luxeon
Star® white-emitting LED.

battery-powered devices where high efficiency and robustness are vital. For example,
a compact and portable water purification system which destroys harmful bacteria us-
ing UV LEDs has been demonstrated [14], offering a practical alternative to mercury
vapour lamps which are undesirable for portable applications due to their high power
consumption and fragility. AllnGaN LEDs have also recently been demonstrated as
novel light sources for applications including the excitation of samples for fluorescence
lifetime measurements [15] and airborne particle detection [16]; photo-chemical curing of
photoresist for photolithography [17]; and non-line-of-sight solar-blind communications
[18]. From this it can be seen that in a relatively short period of time the development
of AllnGaN LEDs has facilitated a wide range of instrumentation applications, as well
as holding great promise as highly efficient general illumination sources. Micro-LED
pixellated arrays are a novel form of LED which themselves have been advantageously
applied to a wide range of applications, and they will be discussed in greater detail in

chapter 2 onwards.

The typical LED package that will be familiar to many people is shown in figure 1.4(a).
The light-emitting semiconductor die typically measures around 300 x 300 pm?. It is
attached to a metal frame with leads for the anode and cathode. The primary purpose
of the epoxy dome is to protect the LED from damage. The refractive index of the epoxy
(=~ 1.4-1.6) also helps increase light extraction from the LED and the dome shape helps
direct the light output. This form of LED is used mostly for low-power applications,
such as indicator lights for consumer electronics. High power LEDs that are intended
for general illumination require additional heat sinking to prevent the LED becoming
damaged or destroyed due to excess heat during operation. These LEDs typically consist
of more than one LED die within the package in order to increase the total light output.
An LED package designed for high power operation is shown in figure 1.4(b). At present
basic indicator-type LEDs are available from as low as a few pence per LED, with a

typical high power white-emitting LED costing in the region of £5.
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1.2 Summary of LED operation

Materials may be grouped into three general classes according to their ability to conduct
electricity, namely conductors, semiconductors and insulators. Light-emitting diodes are
fabricated from semiconductor materials. In general, electrons occupying the valence
band are bound to atoms, and so are not able to contribute to the flow of charge when
an electric field is applied to the material. By contrast, electrons in the conduction band
are free to move through the material, and may contribute to a net flow of charge. The
bandgap represents a range of forbidden energies between the valence and conduction

bands that electrons may not occupy.

In conductors, the valence and conduction bands partially overlap, allowing some of the
valence electrons to move freely through the material. In insulators, on the other hand,
there are no free electrons in the conduction band, and the two bands are separated by a
large bandgap (typically > 5 eV). Thus, all electrons in the material are strongly bound
to atoms and cannot readily contribute to the net flow of charge. Semiconductors, as
their name suggests, are a class of material with properties somewhere between that of
insulators and conductors. Semiconductors have relatively small band gaps, which mean
that electrons can easily be excited from the valance to conduction bands by, for example,
thermal or optical excitation. Deliberate doping of the semiconductor material can also
be used to engineer the conductivity of the material. Elemental semiconductors are
semiconductors comprising of one element such as Si, while compound semiconductors
are semiconductors comprising atoms of various elements. Common examples of binary
compound semiconductors are GaAs, InP and GaN. Alloying semiconductors in this way

allows the band structure of the material to be engineered.

Undoped, pure semiconductor materials are defined as ‘intrinsic’ semiconductors. In an
intrinsic semiconductor, when an electron breaks free from the electrostatic attraction
of its parent atom and is excited across the band gap into the conduction band, it
leaves behind a vacancy, or ‘hole’, in the valence band. This hole can be filled by
another electron, and it can be thought of as a positive charge which can itself also
move around the semiconductor. Carriers generated in this way are known as intrinsic
carriers. Since for every free negatively-charged electron a free positively charged hole
is generated, intrinsic semiconductors are neutrally charged. Semiconductors can be
intentionally doped in order to make them positively or negatively charged, with typical

concentrations of dopant material in semiconductors ranging from 10 to 10'® cm™3

or
higher [19]. In order to appreciate how semiconductors are doped, consider the example
of silicon. Siis in group IV in the periodic table, meaning that it has 4 valence electrons.
In its crystalline state, each silicon atom shares one of its 4 valence electrons with each

of its 4 neighbours. In this state, it is an intrinsic semiconductor, as all of its electrons
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FIGURE 1.5: Illustration of (a) undoped intrinsic, (b) doped n-type and (c) doped
p-type semiconductors. Here, ‘kernel’ describes the nucleus and inner shell valence
electrons.

are in the valence band. If some of these silicon atoms are replaced with atoms of
an element from group III in the periodic table, (e.g. B (boron), which has only 3
electrons in the valence band), then these dopant atoms will only have 3 electrons to
share with their neighbouring 4 silicon atoms. This creates holes which contribute to
the conduction process at all temperatures, making the material positively charged, or
p-type. These dopants are known as acceptors, as they have a hole which can ‘accept’
electrons. Similarly, doping silicon with elements having 5 valence electrons (e.g. As)
gives dopant atoms that have an extra ‘free’ electron which can also contribute to the
conduction process, making the material negatively charged, or n-type. These dopants
are known as donors, as they ‘donate’ a free electron to the crystal. Figure 1.5 illustrates
how a donor or acceptor dopant atom creates a free electron or hole, respectively, in the

bulk semiconductor material.

The energy levels of acceptors and donors lie within the semiconductor bandgap. The
acceptor level, figure 1.6(a), lies slightly higher than the top of the valence band. Due
to the small energy gap between these two levels, at room temperature electrons are
thermally excited from the top of the valence band and fill the acceptor energy level,
leaving behind free holes in the valence band. Similarly, electrons from the donor level,
figure 1.6(b), are thermally excited into the conduction band where they are free to
migrate though the crystal. The following section will show that the ability to produce

p-type, n-type and intrinsic semiconductor materials is vital for fabricating LEDs.
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FIGURE 1.6: (a) acceptor and (b) donor energy levels in a semiconductor. As drawn,
z is a spatial co-ordinate.

1.2.1 Electroluminescence

In LEDs, electrons from the conduction band recombine with holes in the valence band.
The energy lost due to this transition is approximately equal to the energy of the con-

duction band minimum, F., minus the energy of the valence band maximum, E,, or:
E,=FE.—E, (1.1)

where Ej is the bandgap energy. This energy can be released either as heat (vibrations of
the crystal lattice known as phonons) or by the emission of a photon through a process
generally known as luminescence. This is the underlying process which allows LEDs
to convert electrical energy into light: in LEDs, electrical carriers injected under bias
recombine and emit photons via electroluminescence. By tuning the bandgap energy
of the LED material it is possible to tune the wavelength of light emitted from the
LED. The bandgap can be tuned in a semiconductor alloy system such as AllnGaN
by altering the relative amounts of the various elements, or by using a ‘quantum well’
structure. This will be discussed in more detail later in sections 1.2.3 and 1.3 . The
relationship between the bandgap energy and the wavelength of a photon emitted by

electroluminescence, A ,is described by the following equation:
Ex~FE,~ — (1.2)

where F is the energy of an emitted photon, ¢ is the speed of light in a vacuum and h
is Planck’s constant. There are two general classes of semiconductor, namely direct and
indirect bandgap materials. Figure 1.7 shows the simplified bandstructures for direct
and indirect semiconductor materials. Here the horizontal axis represents the crystal
momentum, showing the allowed momentum of electrons within the crystal structure.

This is directly proportional to the electron wavenumber, &, so this is commonly referred
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FIGURE 1.7: Band structures of (a) direct and (b) indirect bandgap semiconductors,
from [20].

to as k-space representation. Holes tend to relax to the top of the valence band, and
electrons to the bottom of the conduction band. In a direct bandgap semiconductor
(figure 1.7(a)), the top of the valence band and the bottom of the conduction band
coincide in k-space. Therefore electron transitions may occur without any change in
crystal momentum. In contrast, in an indirect bandgap semiconductor (figure 1.7(b)) the
top of the valence band and the bottom of the conduction band do not coincide in k-space.
Therefore, electron transitions must occur with a change in momentum, which involves
the assistance of a lattice vibration (phonon) in order to conserve momentum. The
consequence of this is that indirect transitions are much less likely than direct transitions.
Therefore the process of electroluminescence is much more efficient in direct bandgap
semiconductors and most efficient LEDs are made from direct bandgap materials. The
following section will describe how LEDs are designed to allow efficient injection of

charge carriers and efficient radiative recombination.

1.2.2 The p-n diode

The most simple design of LED is based on a p-n diode. A p-n diode consists of
adjacent layers of heavily doped p and n-type material. These layers are typically grown
together by epitaxial growth (i.e. atomic layer-by-layer growth on a substrate), rather
than being two separate samples joined together. A p-n diode consisting of one type of
semiconductor is known as a homojunction, and one consisting of different materials is

known as a heterojunction.

In the p-n diode, excess electrons from the n-type material will diffuse across the bound-
ary between the two materials into the p-type layer, where they will recombine with
excess holes. Excess holes from the p-type material will similarly diffuse into the n-type

layer and recombine with excess electrons. This recombination process leaves a region
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around the boundary between the two materials that is depleted of carriers, and is hence
known as the ‘depletion region’. This diffusion process does not continue indefinitely.
Since electrons diffuse into the p-type region, and holes also diffuse out of this region,
then the p-type region will acquire a net negative charge. Similarly, the n-type region
will acquire a net positive charge. This forms a potential difference across the depletion
region, known as the diffusion voltage Vp, which opposes the diffusion of electrons and
holes. Ultimately the diffusion of carriers will be balanced by Vp. It is the voltage
Vp that free carriers must overcome in order to reach the neutral region of opposite
conductivity type, in other words, the voltage that must be overcome before the diode

can conduct current. Vp is given by [21]:

kT . NsNp
= in

Vp=—
e n;2

(1.3)

where k is the Boltzmann constant, T is temperature, e is the elementary charge, Ny
and Np are the acceptor and donor concentrations and n; is the intrinsic carrier density
of the semiconductor. A p-n diode under zero bias is illustrated in figure 1.8 (a). The

depletion region is depicted as the blue region between the p and n-type materials

The Shockley equation describes the current-voltage (I-V) characteristics of an ideal

diode, and is given as follows:

D, n;? D,, n;®
I=1I,eV/* —1) where I, =¢eA <1 /T;J\;D + T:NA> (1.4)

where D, ,, and 7, are the electron and hole diffusion constants and minority-carrier

lifetimes, respectively, and V is the voltage applied to the diode. Diodes act as rectifiers,
allowing current to pass easily in one direction, but impeding current flow in the opposite
direction. Forward biasing the diode, as depicted in figure 1.8 (b), with the p and n-
type materials connected to a positive and negative bias, respectively, will cause holes
from the p-type region and electrons from the n-type region to flow to towards the
junction, screening the depletion region diffusion voltage. Under forward bias conditions,

V > kT/e, and using equation 1.3, we can re-write the Shockley equation as:

I=¢eA (1 /&NA + 4 /D”ND> (eV—VD/KT) (1.5)
Tp Tn

The exponential part of equation 1.5 reveals that as the applied forward voltage reaches
the diffusion voltage the current will rapidly increase. The voltage at which this rapid
increase begins is termed the threshold voltage, V;;,. For an ideal diode, the threshold
voltage can be approximated by the bandgap energy of the semiconductor, E,, divided
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FIGURE 1.8: (a) P-n diode under zero bias, showing the depletion region, and a cor-
responding energy band diagram of the junction under zero bias. The diode under
forward bias and the corresponding energy band diagram is shown in (b). Here, z is
the spatial dimension perpendicular to the junction.
by the elementary charge:
E
Vin = ?g (1.6)

Once the forward bias exceeds the built-in potential, then minority carrier injection can
take place whereby electrons diffuse into the p-type layer and holes diffusing into the
n-type layer. These minority carriers can recombine with a carrier of opposite type,
which in an LED results in the emission of photons. Practical LEDs deviate from the
ideal Shockley equation with a series resistance behaviour. This is typical of AllnGaN-
based LEDs, where the parasitic series resistance may originate from properties such as
electrical contact resistance or poor p-type GaN conductivity. For a forward biased LED
with a parasitic series resistance, the Shockley equation can be re-written to incorporate

the series resistance term, R, as follows:
I = I (ecV—IR)/RT _q) (1.7)

Reverse biasing the diode has the effect of increasing Vp and increasing the thickness
of the depletion region, further impeding the flow of current. A very small current does
flow under reverse bias, which is attributed to current which arises from the thermal gen-
eration of carriers within the diode [22]. However this current is so small that generally

no current is considered to flow through an LED device under reverse bias.

1.2.3 Quantum well structures

One disadvantage of a basic p-n diode is that minority carriers diffuse over a relatively

large volume, resulting in a low concentration of minority carriers (figure 1.9(a)). The
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radiative recombination rate is given by the bimolecular recombination equation [21]:
R = Bnp (1.8)

Here, B is the bimolecular recombination coefficient of the semiconductor and n and p
are the electron and hole concentrations, respectively. Equation 1.8 clearly shows that a
low carrier concentration results in a low radiative recombination rate and hence a low
efficiency LED. Therefore, most efficient high-power LEDs are based on a p-i-n diode
structure. In a p-i-n diode an intrinsic (undoped) layer of material with a relatively small
bandgap is sandwiched between layers of heavily doped n-type and p-type material with
larger bandgaps. This is known as a double heterostructure (DH). A basic p-i-n diode
structure is shown in figure 1.9(b). Carriers are confined to the narrow intrinsic layer
by the large potential barriers at the interfaces with the p and n-type materials, thus
recombination between electrons and holes takes place in the narrow layer of intrinsic
material, known as the active region. This results in large concentrations of confined

carriers, which facilitates efficient radiative recombination.

E A

Q0000000000000
Q000000000000 000000

FIGURE 1.9: (a) p-n and (b) p-i-n junction under forward bias. Here, ‘DH’ refers to
double heterostructure. From [21].

If the active region is made thin enough, such that it becomes comparable to the de
Broglie wavelength for the thermal motion of the confined charge carriers, then quantum

size effects become apparent. The de Broglie wavelength is given by:

N 0o
P V2m*kT
where m* is the carrier effective mass and p is the carrier momentum. For electrons
in GaN A = 10 nm, thus for GaN active regions with thickness =10 nm we expect to
observe quantum size effects. An active region in this case is referred to as a quantum
well. In a quantum well the carriers are confined in one crystal direction, denoted
z, so the permitted electron energy levels in this crystal direction no longer form a
continuous band of energies but instead form discrete quantised energy levels. This can
be explained by considering the thin active region to be a one-dimensional ‘potential

well’, having potential barriers of infinite height at either side which do not permit an
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FiGure 1.11: Quantum well structure, illustrating that the energy of the optical
transition from FE.; to Ej; exceeds the energy of the bandgap, E,. Here, e and h
refer to the electron and hole confined energy levels.

electron that is inside the well from escaping. This is illustrated in figure 1.10, where the
region of zero potential between W = 0 and W = L is bounded by potential barriers
having infinite height (i.e. V = 00). Since the particle cannot leave the potential well, it
must be found within the well, so we can apply boundary conditions to the Schrodinger
equation that ¢» = 0 for W = 0 and W = L. By solving the Schrodinger equation for
these conditions we find that the permitted discrete electron energy levels, denoted by

the integer n, within the potential well are given by:

> n2h?

n=goT3 (1.10)

where m is the effective mass of the particle (electron), n is an integer and L is the
width of the potential well. A consequence of Equation 1.10 is that as the potential
well becomes narrower the energy level solutions, E,,, occur at higher energies and have
increasing energy level separation, affecting any optical transitions that occur between
levels in the well. Carefully altering the thickness of the quantum well thus allows a
degree of control over the wavelength of any photons that are emitted by the well. In
addition, because the energy of a particle in a potential well cannot equal zero, the
optical transitions have a higher energy than the bandgap energy, E, (figure 1.11). This
means that quantum wells can be used to generate photons of shorter wavelengths from
an LED. Most LEDs utilise active regions consisting of several closely-spaced quantum

wells, which are referred to as multi-quantum well (MQW) regions.
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FIGURE 1.12: Room-temperature bandgap energy, Fy, and emission wavelength versus
lattice constant for the AllnGaN-Nitride alloy system, from [21].

1.3 AllInGaN-based LEDs

The micro-LED arrays that are the focus of this thesis are all fabricated from commercially-
obtained LED wafer material based on the AllnGaN alloy system. This section will
begin by discussing the basic properties of this alloy system. The technologies used
to grow the wafers and process them into (micro-)LEDs will then be covered, and this
section will conclude by outlining the process flows used to fabricate micro-LED devices.
The AllnGaN alloy system consists of the three basic binary alloys, Aluminium Nitride
(AIN), Gallium Nitride (GaN) and Indium Nitride (InN). Generally speaking, by alter-
ing the relative amounts of the individual materials in a ternary or quaternary alloy,
the bandgap energy can be ‘tuned’, which in theory allows the AllnGaN alloy system to
span a very large range of wavelengths from the deep-UV to the near-infrared. This can
be seen in figure 1.12, which illustrates the bandgap energy versus lattice constant and
alloy composition for the AllnGaN system. Subscript notation is used to describe the
relative composition of an alloy, for example Ing oGag gN describes an alloy consisting of
20% InN and 80% GaN. Currently, the shortest reported emission wavelength is 210 nm
from an AIN LED [23]. Some important properties of the binary alloys are summarised
in table 1.1.
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TABLE 1.1: Important properties of the AllnGaN alloy system [21].

Quantity Symbol | AIN | GaN | InN | (Unit)
. a,= | 3.112 ] 3.191 | 3.545 A
Lattice Constant co= | 4.982 | 5.185 | 5.703
Bandgap energy E, = 6.28 | 3.425 | 0.77 eV
Refractive index near F, n = 2.15 2.5 2.9 -
Electron mobility wn = | 300 | 1500 | 3200 | em?/Vs
Hole mobility Ly = 14 30 - em? Vs

1.3.1 Epitaxial growth and processing of AlInGaN alloys

The majority of commercial AllnGaN wafers are grown by Metal-Organic Chemical
Vapour Deposition (MOCVD), also known as Metal-Organic Vapour Phase Epitaxy
(MOVPE) or Organo-metallic Vapour Phase Epitaxy (OMVPE). This involves the
growth of crystalline thin-film structures on a substrate by the deposition of the de-
sired materials from a vapour phase (or a mixture of vapours). Crystal growth is by
chemical reaction, rather than by the physical deposition of material. The most com-
monly used substrate for AllnGaN is sapphire, which will be discussed in section 1.3.1.1.
The sapphire substrates used are mostly 2 inches in diameter, although there are cur-
rently efforts to try to scale this up to 4 or 6 inches. Typical growth rates are of the
order of 0.5 pm per hour [24].

To grow Ill-nitride materials, vapours containing Gallium, Aluminium or Indium
are created by combining trimethylgallium (TMG), trimethylaluminium (TMA), and
trimethylindium (TMI) with complex organic gas molecules. These vapours are then
flowed over the substrate heated to ~1000°C. There they react with NH3 (ammonia
gas, providing the nitrogen source) as the heat breaks up the molecules, depositing
the desired materials at the surface of the layer. This process takes place in a near-
atmospheric-pressure reactor, typically made from stainless steel so that it can handle
the temperatures involved in growth without chemically reacting with the vapours used.
The structure is then built up, on an atomic layer-by-layer basis. By varying the com-
position of the vapour in the chamber the properties of the grown material layers can be
controlled. The crystal structure of the layers will align with the substrate, thus choosing
a substrate that is suitably lattice-matched is critical. Figure 1.13 shows schematically
the principle of GaN growth by MOCVD.

Once the material has been grown, it must then be etched to form LEDs or other elec-
tronic devices. Since III-nitride materials are rather resistant to wet etching due to their
chemically inert nature and strong atomic bonds, dry etch techniques using reactive

ions are the methods of choice for etching AllnGaN materials [26]. Advantages of dry
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FIGURE 1.13: Schematic growth of GaN by MOCVD, from [25]
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etching include high etch rates (up to 1 pm per minute), minimal damage to the wafer,
and anisotropic etch profiles allowing very vertical features to be etched with smooth
sidewalls. Masks are formed on top of the epitaxial material using photolithography,
allowing specific areas of the wafer to be etched. Two methods of dry etching commonly
used to fabricate LEDs are Reactive Ion Etching (RIE) and Inductively Coupled Plasma
(ICP) etching. ICP etching is the most commonly used technique for etching AllnGaN
material [26], and is used to fabricated the micro-LEDs discussed in this thesis. ICP
etching is an example of a high-density plasma etch technique. The sample to be etched
is placed in a high vacuum (10~2 Torr) within a chamber. RF power is supplied to a
coil encircling the vessel, producing an alternating electric field between the coils and
an alternating magnetic field in the vessel. A high density plasma is created in the
chamber since the magnetic field traps electrons in the centre of the chamber. Ions are
then accelerated towards the sample by a bias on the powered electrode. Representative
ICP etch conditions are a Cly/Ha/Ar plasma chemistry with flow rates of 22.5, 2.5 and
5 scem for Cly, Hy and Ar, respectively, 150 W of RF power and an electrode DC bias of
-190 +10 V [27]. ICP etch rates of AllnGaN up to 9800 A min~' are possible [24]. An
advantage of ICP etching is that ion energy and plasma density are independently con-
trolled parameters, allowing flexibility in optimising the etching process. For example,
a high etch rate can be obtained whilst keeping the ion energy low, thereby reducing
etching damage induced by high-energy ion bombardment. An illustration of an ICP

machine is shown in 1.14.
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FIGURE 1.14: (a) Picture and (b) schematic of a typical ICP reactor.

1.3.1.1 Swubstrate materials

AllnGaN wafers are hetero-epitaxially grown, with the most commonly-used and mature
substrate technology being sapphire (Al;O3). Other substrate materials that AllnGaN-
based LEDs have been grown on include Zinc-Oxide (ZnO), SiC and Si [28, 29]. The
micro-LED devices to be discussed during this thesis are all grown on sapphire substrates,
so this section will focus on the implications that growing AllnGaN on sapphire has for
the fabrication of LEDs. Sapphire is reasonably well lattice-matched to nitride materials,
thermally stable, optically transparent and, crucially, large wafers are readily available
at low cost. Although other substrate materials are available that in some respects out-
perform sapphire, no other substrate material presently allows high-quality AllnGaN

wafers to be grown at low cost.

When growing AllnGaN wafers on sapphire, one consideration that must be taken into
account is that sapphire is not electrically conductive. This means that typically both
the p and n-contacts to an LED must be made on the same side of the device, i.e. the
semiconductor side. This requires that part of the LED material be etched away to allow
access to the n-type material. The micro-LEDs presented later in this thesis all have
their electrical contacts on one side of the device, as will be discussed in detail in chapter
2. An alternative approach is to remove the sapphire substrate by, for example, laser lift-
off [30]. This allows both the p and n-type materials to be accessed, allowing for novel
device structures to be fabricated such as high-power thin-film [31] and vertical-injection

[32] structures.

The crystal orientation of sapphire is shown in figure 1.15(a). AllnGaN grown on sap-
phire is conventionally grown in the c-axis crystal direction ([0 0 0 1] orientation) of
sapphire. The AllnGaN unit cell grows at a 30° angle to the sapphire c-axis, to align
with the sapphire unit cell such that Al-O bonding takes place between AllnGaN and
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FIGURE 1.15: (a) Sapphire crystal orientation, (b) atomic arrangement of AIN film
grown on sapphire, from [33].
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sapphire. This is shown in figure 1.15(b), which also shows that there is approximately a
15% lattice mis-match between the two materials. As a result of this lattice mis-match,
AllnGaN epitaxial films have relatively high misfit dislocation densities. The misfit dis-
location density is reduced by the use of a thin (=~ 50 nm) nucleation or ‘buffer’ layer to
begin epitaxial growth [7]. The buffer layer reduces the dislocation density by relaxing
the strain caused by the lattice mis-match between GalN and sapphire, and promot-
ing lateral GaN growth [34]. The buffer layer is grown at relatively low temperatures
(=~ 500°C) and subsequently annealed, and transitions through a faulted zone. These

contain a very high concentration of dislocations.

During annealing the dislocations undergo a process of self-annihilation, which means

that subsequent layers (the ‘semi-sound’ and the ‘sound zone’) contain significantly less
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dislocations. This is illustrated in figure 1.16. Although this buffer layer greatly reduces
the dislocation density in GaN it still remains high, typically of the order of 10® to
10° cm ™2, compared to roughly 10* cm™2 for other materials such as Si. A peculiar
observation is that GaN-based LEDs are still able to generate light efficiently despite
these high defect densities. By contrast, the efficiency of a GaAs-based LED would be
limited by a dislocation density of the order of 10* cm™2, and at the dislocation densi-
ties associated with GaN-based LEDs it would not be expected to emit light at all [35].
This indicates that dislocations in the AllnGaN system are not efficient non-radiative
recombination centres, as they are in other materials systems. Several explanations for
this phenomenon have been proposed, though as yet none is generally accepted. One
possible explanation is that the electronic states of the defects lie outside the bandgap
[35] (figure 1.17 (a)), and hence do not lead to non-radiative recombination. Another
explanation is that carriers become localised in compositional alloy fluctuations within
the material. Mukai et al. observed that the output power of UV-emitting GalnN/GaN
double-heterostructure LEDs decreased as the fraction of indium (In) incorporated in
the LED active region was decreased [36]. This observation was attributed to carriers be-
coming localised within local potential wells caused by composition fluctuations. Figure
1.17 (b) illustrates how carriers could become trapped in localised potential minima cre-
ated by In clusters within the crystal, preventing them from reaching dislocation states.
LEDs with less In may have less In clustering, and would therefore not benefit as much
from this carrier localisation effect. The Indium-clustering hypothesis has however been
disputed, with Smeeton et al. suggesting that nanometre-scale In clusters observed by
electron-microscope are in fact simply an artefact of the microscope measurement itself

caused by electron-beam induced damage to the material [37].

1.3.1.2 Contact metal deposition

In order to fabricate a fully operational LED or micro-LED, metal contacts must be
deposited onto the device. For the micro-LEDs described in this thesis, ~200 nm thick
layers of titanium/gold (Ti/Au) or nickel/gold (Ni/Au) alloys are used for the n and
p-contacts, respectively. These layers are deposited onto the micro-LEDs by magnetron
sputtering or electron-beam evaporation. Magnetron sputtering is a technique that
takes place in a high vacuum, containing the sample to be coated and a ‘target’ of the
material to be deposited. An inert gas, typically argon, is injected into the chamber.
A high negative voltage of ~300 V is applied to the target which accelerates positively
charged argon ions towards it. These bombard the target and physically remove atomised
material. The ejected material travels through the vacuum chamber and condenses

on the surface of the semiconductor sample, thus forming a thin metal contact layer.
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Electron-beam evaporation also takes place in a vacuum, and uses a beam of electrons
to heat the target. The evaporated material condenses to form a thin metal layer on
the semiconductor sample in a similar fashion to magnetron sputtering. Schematic
representations of the magnetron sputtering and electron-beam evaporation processes
are shown in figure 1.18.
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FIGURE 1.18: Schematic illustration of (a) magnetron sputtering and (b) electron-beam
evaporation techniques.

1.3.1.3 Doping of AlInGalN materials

As-grown GaN is typically unintentionally an n-type material, which has been attributed
to the incorporation of a dopant from an external source during growth [5]. It is rela-
tively straightforward to intentionally create n-type GaN by doping the material with
Si. P-type doping initially proved considerably more challenging; indeed for decades
effective p-type doping of GaN proved to be an obstacle preventing efficient GaN-based
LEDs from being fabricated. Magnesium (Mg) atoms, used for p-type doping, are chem-
ically deactivated by bonding to hydrogen atoms during epitaxial growth. This can be
overcome by high-temperature annealing of the material after growth, a process first
demonstrated to produce high-efficiency blue LEDs by Nakamura et al. [38]. This an-
nealing takes place in a nitrogen environment at temperatures of greater than 600°C. It
is believed that during thermal annealing the relatively weak acceptor-hydrogen bonds
are broken and the hydrogen is driven out of the material; since the hydrogen atoms are

relatively small they can escape through the interstitial sites of the crystalline material.

Although p-type doping can thus be achieved, the doping densities are low, typically
around 10'7 to 10'® cm?, as opposed to densities of the order of 10 c¢m? for n-type
doping. This can be attributed to two effects, the inherent n-type properties of the ma-
terial compensating the p-type doping, and incomplete activation of the p-type dopants
at room temperature [34]. As such, p-type AllnGaN materials are highly electrically

resistive compared to n-type.
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1.3.2 AlInGaN LED device structure

The micro-LED devices fabricated by the Institute of Photonics are based on LED wafers
with fairly standard epitaxial structures. One such epitaxial structure is shown in figure
1.19, based on a micro-LED device with a peak emission wavelength of ~370 nm [39]. A
25 nm thick buffer layer of undoped GaN is grown on a c-plane sapphire substrate (cf.
figure 1.16), followed by 2.3 um of undoped GaN, 1.4 pm of Si-doped n-type GaN and
then a multi-quantum well (MQW) region approximately 50 nm in thickness. The MQW
is capped with a 100 nm thick Mg-doped AlGaN cladding layer, or ‘electron-blocking’
layer, which is intended to provide a potential barrier to prevent electrons overflowing
and escaping the active region. The structure is finally capped with a 20 nm thick Mg-
doped GaN contact layer. The MQW region consists of seven Ing g5Gag.gsN quantum
wells, each of 2 nm thickness, with 10 nm thick Alg2GaggN barriers. Thin quantum
well structures are favoured for growth in c-plane sapphire as they minimise the spatial
charge separation due to built in strain fields. This structure is fairly representative of
the epitaxial structure of the micro-LEDs discussed in this thesis, and of InGaN-based

LEDs in general.

Once the epitaxial wafer is complete, it must be processed into an LED structure. Four
common AllnGaN-based LED structures are shown in figure 1.20. As discussed in section
1.3.1.1, most AllInGaN wafers are grown on sapphire substrates and because sapphire
is not electrically conductive this influences the structure of the LED dies. Figure 1.20
(a) shows the most straightforward device structure, the ‘epitaxy-up’ structure. In this
design, the p-type material is partially etched to expose the n-type material underneath
and ohmic contacts are deposited onto the p and n-type layers. During operation, light

is primarily extracted through the p-type material and the p-type current-spreading
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layer (‘p-spreader’ in figure 1.20 (a)). The spreading layer, which is a thin Ni/Au bi-
layer, is necessary to overcome the relatively high resistivity of the p-type material
and provide efficient and uniform current injection, and covers almost all of the p-type
region. However, some of the light from the LED will be absorbed by this layer, reducing
the output power and efficiency of the LED, a problem which is exacerbated at shorter
wavelengths [40]. A further disadvantage of the epitaxy-up structure is that sapphire has
a fairly poor thermal conductivity, preventing efficient heat extraction and thus limiting
the performance, particularly at high injection currents. In a ‘flip-chip’ device, as shown
in figure 1.20 (b), the device is etched in a similar fashion to the epitaxy-up design in
order to have both the p and n-type materials exposed. The key difference is that the
device is flipped and bonded onto another substrate, such as a silicon mount. During
device operation the light is primarily extracted through the sapphire substrate. Since
light no longer has to be extracted through the p-type material, the p-type spreading
layer can be made thicker and may also be made reflective to act as a mirror to retro-
reflect emitted light back through the sapphire substrate. The mount that the LED
is bonded to may also act as a heat sink, improving the thermal management. This
means that flip-chip LEDs are capable of higher output powers and higher efficiencies
than otherwise identical epitaxy-up devices. The sapphire top surface of flip-chip devices
also provides a flat, chemically inert and bio-compatible surface upon which additional
structures and functionality can be integrated. After processing, the wafer is diced into
individual LED dies, typically of the order of 300 x 300 pm?2.

Other device structures exist, including vertical-injection thin-film [32] and thin-film
[31] LEDs, shown in figure 1.20 (c) and (d), respectively. These structures involve
more complicated processing steps, including the removal of the sapphire substrate and
patterning of the n-type surface material. They form the basis of ‘power LEDs’, an
example of which was shown in figure 1.4(b). The micro-LED devices fabricated by
the Institute of Photonics are based either on an epitaxy-up or flip-chip design and the
micro-LED devices will be introduced in detail in chapter 2. Unless otherwise stated,
the micro-LED devices used for the experiments in this thesis are based on a flip-chip

design.

1.3.3 LED efficiency droop

LEDs fabricated in the AllnGaN alloy system are generally intended for high-power
illumination applications where high operating current densities of around 100-1000
A/cm? are required. However, the internal quantum efficiency (IQE) of AllnGaN LEDs
tends to peak at relatively modest current densities of around 10 A /cm? and may reduce

to little over half of the peak IQE at higher current density [41], a phenomenon known
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cated by the Institute of Photonics are based on the (a) ‘epitaxy-up’ and (b) flip-chip
designs. From [13].

as the ‘efficiency droop’. The level of efficiency droop is enough to reduce the efficiency
of LEDs below that of fluorescent light bulbs. The characteristics of efficiency droop are
illustrated in figure 1.21, where the external quantum efficiency (EQE) of a blue-emitting
InGaN/GaN LED, grown on c-plane sapphire, is shown to peak at current densities of
less than 10 A /cm? before falling to half this peak value at around 100 A /cm? [42]. This
drop in efficiency is observed even under pulsed conditions where device self-heating can
be neglected and so cannot be explained entirely by the process of thermally-induced
carrier leakage at higher temperatures. Although the underlying cause of the efficiency
droop is still a topic of vigorous debate and several mechanisms have been proposed
to explain the phenomenon, there are two postulated explanations which have recently

gained the most credibility.

The first hypothesis is that the non-radiative recombination process known as Auger
recombination begins to dominate at high current densities and thus leads to the ef-
ficiency droop. Figure 1.22 shows a band diagram within a semiconductor showing
different possible recombination processes. Non-radiative recombination, also known as
Shockley-Read-Hall (SRH) recombination, can occur when there is an energy state that
exists within the bandgap, illustrated by Er in figure 1.22(a). Energy states that lie
within the bandgap are commonly caused by defects within the semiconductor crystal.
During recombination, an excited charge carrier (electron or hole) can relax to the inter-

mediate energy level before relaxing fully to the valence or conduction band. Typically,
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the ‘efficiency droop’ in an InGaN/GaN LED, from [42]. These measurements were
taken under pulsed conditions, with a repetition rate of 1kHz and duty cycle of 0.1%.

the energy dissipated in the two transition steps does not involve the emission of a pho-
ton. On the other hand, Auger recombination does not involve an intermediate energy
state, but involves three particles - either two electrons and one hole, or two holes and
one electron. In this process, during recombination between an electron and hole the
energy is not released as a photon, but instead is transferred to another electron (in
the conduction band) or hole (in the valence band). These extra excited particles then
lose their energy thermally as they relax back to the conduction or valence band edges.
Auger recombination is illustrated in figure 1.22(b). Shen et al. have suggested that
Auger recombination may be the dominant mechanism responsible for the observed effi-
ciency droop in AllnGaN LEDs [43]. They concluded that the Auger recombination rate
(which quantifies the level of Auger recombination in a semiconductor) in InGaN was of
the order of 2 x 1073%m5s~1. This is high enough to dominate the LED performance at
relatively low current densities [43], consistent with the observed efficiency droop trends.
However, some argue that Auger losses would be expected to decrease with increasing
bandgap due to the reduced coupling between electron and hole bands [44], and thus the
Auger coefficients reported by Shen et al. are too high. At present, the level of Auger

losses within this material system remains unclear.

A second hypothesis suggests that poor hole injection into the active region and/or
electron leakage from the active region may cause a large parasitic current that leads
to non-radiative recombination in the p-type material, and is the main mechanism that
drives efficiency droop. Figure 1.23 illustrates the hypothesis proposed by Kim et al.
[45] which argues that the large internal electric fields within InGaN modify the band
structure, causing the triangular-shaped upward slopes observed in the conduction band
in figure 1.23. These slopes impede efficient electron injection into the active region.
This figure also shows that the conduction band-edge energy on the n-type side is higher
than on the p-type side, which would lead to a large electron leakage current. By the
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injection and recombination. From [48].

use of polarization-matched AlGalnN barriers the same group reported an LED with

reduced efficiency droop and improved overall efficiency [46], seemingly confirming their

hypothesis.

Several other explanations that have been put forward, such as density-activated defect

recombination [47], but a detailed discussion of these is beyond the scope of this thesis.

Analysis of the carrier recombination dynamics within AllnGaN micro-LEDs will be

presented in section 5.2.3. Although this analysis uses a model of carrier lifetime, 7,

versus carrier density, NV, which allocates an Auger recombination term, the physical

mechanism responsible for this term need not necessarily be Auger recombination, but

may be another mechanism which is well fitted by the same N3 dependence.
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1.4 Organic semiconductors and quantum dots

Light-emitting polymers (LEPs) and colloidal quantum dots (CQDs) will be presented
later in this thesis as fluorescent samples for demonstrations of fluorescence lifetime mea-
surements (chapter 4) and as colour-converters for visible light communications (chapter
5). Although the exact motivations for investigating these materials will be discussed in

these later chapters, the basic properties of these materials will be introduced here.

1.4.1 Organic semiconductors

Organic semiconductors are organic materials with semiconducting properties and have
attracted a great deal of interest since the first report of an organic LED (OLED)
by Burroughes et al. [49] in 1990. Conjugated semiconductor light-emitting polymers
(LEPs) are a form of organic semiconductor which have beneficial properties including
the ability to conveniently solution-process the materials by techniques such as ink-jet
printing. The ability to process organic semiconductors in such a simple way negates
the need for a set of expensive photolithographic masks, which are required to process
inorganic semiconductors. They also have excellent optical properties, including high
quantum efficiencies and high absorption - a thin film only 100 nm thick can absorb 90%
of the light incident on it [50].

Polymers are typically long chain-like molecules with regular repeating units of atoms.
The word ‘polymer’ derives from the Greek words poly and mero, meaning ‘many units’,
referring to the many repeat units that make up polymer chains. Semiconducting poly-
mers have alternating single and double covalent bonds between carbon atoms which are
formed along the length of the molecule, which play an important part in determining
the optical properties of LEPs. The basic electron configuration of a carbon atom is
1s22s22p?. However, when two carbon atoms are brought together their 2s and 2p or-
bitals can mix (hybridise) to form hybrid sp? orbitals. Each carbon atom then has three
2sp? orbitals, spaced at 120° angles to each other, and one 2p? orbital which is perpen-
dicular to the 2sp? orbitals, as shown in figure 1.24(a). One sp? orbital from each atom
forms a ¢ bond between the two atoms, and the p orbitals overlap to create a m bond,
as illustrated in figure 1.24(b). It is this 7 bond between atoms which allows electrons
to become de-localised along the length of the polymer chain. In other words, instead
of being localised in one orbital around one atom, the electrons are able to move along
the m bonds from one carbon atom to another along the polymer chain. The number of

carbon atoms along which electrons are de-localised is known as the conjugation length.
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FIGURE 1.24: (a) sp? orbital hybridisation and (b) bonding between two carbon atoms.
Electrons are able to move along the m bonds between atoms.

The 7 orbital is the highest occupied electronic energy state in the molecule and is fully
occupied, and is thus known as the highest occupied molecular orbital (HOMO). The
lowest unoccupied molecular orbital (LUMO) is an excited configuration of the 7 orbitals,
and is thus denoted as a 7* state [51]. Thus, the HOMO and LUMO are analogous to
the valence and conduction band edges in bulk semiconductors, with the energy gap
between them analogous to the semiconductor bandgap. Carriers are confined along the
conjugation length of the polymer, somewhat analogous to the confinement of carriers
within a quantum well as described in section 1.2.3. Thus it may be determined that
by altering the conjugation length of a LEP, the energy gap between the HOMO and
LUMO may be tuned. This allows LEPs to be synthesised which permit emission across

the visible spectrum.

The process of absorption and emission within a LEP can be shown on a Jablonski
diagram, as shown in figure 1.25. The electronic energy levels (such as the HOMO
and LUMO), Sy to Sy are depicted by the thicker black horizontal lines. The atoms
in a molecule can vibrate about their bonds, which gives rise to vibrational energy
levels with each electronic state [51]. The vibrational energy levels (0,1,2 etc.) are
depicted by the thinner black lines. Transitions between energy levels are depicted
by vertical arrows. The absorption process typically simultaneously changes both the
electronic and vibrational state of the molecule, exciting an electron from the lowest

energy level, Sy, to a higher electronic and vibrational energy level, a process that occurs
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on a 107! s time scale. Following absorption, the electron will rapidly relax (107!? s
time scale) to the lowest vibrational energy of S7 or Sy, in a process termed vibrational
relaxation. The electron may then relax back to the ground state, emitting a photon in
a process termed fluorescence. Fluorescence occurs on a 1078 to 107 s time scale. For
a sample of fluorescent molecules, the time a particular molecule spends in its excited
state before subsequently emitting a photon is random, but the average time each each
molecule spends in the excited state is known as the fluorescence lifetime, or 7, of the
fluorophore. Each molecule may leave the excited state either by a radiative process (by
emitting a photon) or by a non-radiative process (without emitting a photon). Thus,

the fluorescence lifetime, 7 can be expressed as [52]:

_1 (1.11)
T = )
[+ Ky

where I' and k,,, are the radiative and non-radiative decay rates, respectively. The
radiative decay rate of a sample is an intrinsic property of a particular fluorophore,
whereas the fluorescence lifetime, 7, depends both on the properties of the fluorophore
and also its environment, as will be discussed in more detail in chapter 4. The quantum
yield, @, of a sample is the fraction of fluorophores that decay radiatively and is given
by: .

Q=57 (1.12)
After the emission of a photon, a subsequent vibrational relaxation from a higher vibra-
tional energy level of Sy usually occurs. Electrons may also relax into a triplet state,

indicated as T1) in figure 1.25. The emission of a photon from a triplet state occurs on

much longer time scales (1072 to 102 s) compared to fluorescence.

Due to the energy lost during vibrational relaxation, the transitions which involve emis-
sion of a photon occur at lower energies than transitions involved during absorption.
This red-shifts the emission spectrum relative to the absorption spectrum, which is
known as a Stokes shift and renders the molecule transparent to its own emission. The
Stokes shift between the absorption and emission spectra of the blue-emitting polymer
poly(9,9’-dioctylfluorene) (PFO) can be seen in figure 1.26. Vibronic peaks, correspond-
ing to transitions between the lowest excited state vibrational energy and vibronic energy
levels in the ground state, can also be clearly seen in the emission spectrum in figure
1.26.

As well as polymers, other classes of light-emitting organic semiconductors exist. One
example is the star-shaped oligofluorene truxene (referred to as ‘truxene’ from now
on). These star-shaped molecules consist of a truxene ‘core’ onto which three ‘arms’
consisting of conjugated fluorene units are attached, as indicated in figure 1.27(a). The

number of repeat units of fluorene is indicated by T1, T2...T/, where for example, T4
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FIGURE 1.25: Jablonski diagram showing the different transitions that may occur
during luminescence, from [52].
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FIGURE 1.26: Absorption (circles) and photoluminescence emission (solid line) of a
film of poly(9,9’-dioctylfluorene) (PFO). The chemical structure of PFO is shown inset,
where where R = CgHy7 and n being the number of repeats. From [53].

would be a truxene molecule with four repeat units. Altering the number of repeat
fluorene units on the arms allows the absorption and emission spectra to be blue or
red-shifted as can be seen in figures 1.27(b) and (c). Oligofluorenes such as truxene have
several advantages over their conjugated polymer counterparts including a well-defined

and uniform molecular structure and superior chemical purity [54].

Many of the concepts introduced here, such as the fluorescence lifetime, 7, are also appli-
cable to organic dyes used as fluorescent ‘markers’ for labelling biological samples. The
ability to measure 7 allows useful information regarding the samples to be ascertained,

which will be discussed in more detail in chapter 4.
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FIGURE 1.27: (a) Chemical structure of a truxene molecule, showing the truxene core

at the centre of the three fluorene arms. Also shown are the absorption and emission

spectra (b,c) of truxene molecules with varying numbers of repeat arm units. From
[54].

1.4.2 Quantum dots

Quantum dots are nanocrystals of semiconductor material, typically with a diameter
<10 nm and consisting of a few thousand atoms. Due to their geometry, they can be
considered to be a ‘three-dimensional quantum well’, as they confine carriers in all three
crystal directions (unlike quantum wells, which only confine the carriers in one crystal
direction). Thus, they exhibit quantised electronic energy levels for all three directions
of motion. We can apply the analysis of the quantum well energy levels presented in
section 1.2.3 to the case of three dimensional confinement in a quantum dot. This gives
an expression for the electronic energy levels in a quantum dot with dimension d in each

direction as:
h2

= 8md?

E(ng,ny,n;) (n? —|—n§ + n?) (1.13)

where the quantum numbers, ng,n,,n., refer to the quantised energy levels in each
direction. The energy spectrum of the quantum dot is thus discrete in all crystal di-
rections, analogous to the spectrum of atoms. Quantum dots absorb energy when the
wavelength of the excitation light exceeds the band gap between the valance and con-
duction bands. This promotes electrons to the higher quantised electronic energy states
within the conduction band, with photon emission occurring when the carriers recom-
bine. The lifetimes (7) tend to be dominated by a 20-30 ns component, longer than

those in organic dyes (1-5 ns) [55].
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According to equation 1.13, the quantised energy levels (and thus absorption and emis-
sion spectra) in quantum dots can be tuned by tuning their size, which is illustrated in
figure 1.28(a). The properties of the quantum dots also depend on the material they
are made from. CdSe and ZnSe dots can emit light across the visible spectrum, whereas
InP and InAs dots can emit in the near-infrared [55]. The quantum dot samples used in
this thesis consist of a CdSe ‘core” and a ZnS ‘shell’, as illustrated in figure 1.28(b). The
7ZmS shell passivates the CdSe core, removing surface traps and increasing the quantum
efficiency of the dots [56]. It is also common for the outer shell to be coated with organic
ligands, which prevent aggregation of the quantum dots, aid solubility and can also be
used to add functionality to the dots, such as the ability to selectively bind to particular
biological samples [57].

(a) ~12 nm ~5.3nm ~2 nm
—»

Shell

FIGURE 1.28: (a) ‘Core-shell’ structure of a CdSe/ZnS quantum dot and (b) colour
photograph of quantum dots of different size, from [58].

Figure 1.29 shows absorption and emission spectra from a range of CdSe/ZnS quan-
tum dot samples in toluene solution. The emission spectrum from a single CdSe/ZnS
quantum dot can be as narrow as 13 nm at room temperature [55], with the broader
emission spectra seen in figure 1.29 explained by the distribution of dot sizes within
each bulk sample. Figure 1.29 also reveals that quantum dots are preferentially excited
at shorter wavelengths, matching the UV-blue-green emission spectra of the AllnGaN
micro-LEDs to be introduced later in this thesis. Quantum dots have high quantum
yields, high stability, high resistance to photo-bleaching, broad absorption spectra and
narrow, tunable emission spectra. These properties make them useful for a wide range
applications including fluorescent markers for biological labelling [57], cryptography [59],
single-photon sources [60], and of particular interest for this thesis, as colour converters
for producing white LEDs [61]. Quantum dots are normally suspended in a solvent
such as toluene, though they may also be incorporated in materials such as polymeric
hosts [62] to facilitate integration with devices such as LEDs. The use of quantum dots
as colour-converters, and their integration with micro-LEDs, will be discussed in the

following section.
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FIGURE 1.29: (1) Absorption and (r) emission spectra of CdSe/ZnS quantum dots in
toluene solution, (after Evident Technologies, Inc).
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FIGURE 1.30: Conventional white LED (a) schematic and (b) emission spectra [21].
In such a device, emission from a blue LED is combined with a yellow phosphor to
produce an overall white light emission.

1.4.3 Colour-conversion, deposition and integration

Both LEPs and CQDs are interesting materials for ‘colour-conversion’ of LED light. This
refers to the use of an intermediate material to convert the emission from an LED from
one colour to another. This approach is commonly used in white solid-state lighting,
where most conventional white LEDs use a blue LED and a yellow-emitting phosphor to
produce white light. The phosphor most commonly used is a YAG:Ce phosphor powder
that is suspended within the epoxy resin dome of the LED, as shown in figure 1.30(a).
Some of the blue light from the LED is absorbed by the phosphor and converted to
yellow light. Figure 1.30(b) shows the resulting emission spectrum from such an LED.

The human eye then perceives this mixture of colours as white light.

A potential benefit of using LEPs or CQDs instead of the phosphor-based approach dis-
cussed above is that these materials are capable of producing white light with a higher
colour rendering index (CRI) than a standard phosphor-based white LED. Standard
phosphor-based white LEDs typically have a CRI of less than 80, and a colour tempera-
ture of below 4000 K, whereas indoor lighting requires a CRI greater than 80 and a target
colour temperature of around 3200 K to produce a ‘warm’ white light [13]. Figure 1.31
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FIGURE 1.31: Colour-coordinates of (a) a standard phosphor-based LED, (b) a micro-
LED/LEP hybrid [63] and (c) a CQD/LED hybrid [61].

shows a Commission internationale de 1'clairage (CIE) chromaticity diagram showing
the colour-coordinates of (a) a standard phosphor-based LED, (b) a micro-LED/LEP
hybrid [63] and (c¢) a CQD/LED hybrid [61]. Both the LEP and CQD-based approaches
provide white light which is closer to the zero saturation white (z = 0.33,y = 0.33) than
the standard phosphor-based approach. The colour from these LEP and CQD blends
can also be tuned by, for example, adjusting the relative composition of the LEP blends
[63], or by controlling the inter-spacing between individual CQD layers [64]. Another in-
teresting property of the LEPs and CQDs is that their carrier lifetimes are much shorter
than those of phosphor materials. This has important implications when considering
the optical modulation bandwidth of the colour-converted light if these materials are to
be used within optical communications systems. This will be discussed in more detail

in chapter 5.

An attractive feature of both materials is that they are solution-processable, making
them easy to integrate onto LED devices by simple and inexpensive techniques such as
spray-coating and ink-jet printing. Furthermore, these materials are capable of being
micro-patterned in such a way that a pattern of colour-converters can be integrated
onto a micro-LED array, allowing the emission across a micro-LED array to be selec-
tively colour-converted whilst retaining the advantage of the micro-pixellated nature of
the micro-LED arrays. It should be noted that this is not readily possible using stan-
dard phosphors due to the large phosphor grain sizes. Figure 1.32 shows examples of

patterned colour-converters which have been deposited onto micro-LED devices by our
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FIGURE 1.32: Micro-patterning of nanoluminophore materials by (a) & (b) ink-jet
printing [67], (c) laser writing onto a micro-LED stripe array [66] and (d) integration
with a micro-LED stripe array by a self-aligned writing process [62].

group using ink-jet printing [65], laser writing [66] and direct deposition by a novel ‘self-
aligned writing’ process [62]. For some of these light-emitting materials, the material is
mixed with a transparent polymeric ‘host’ material. The purpose of the host material
is to facilitate the deposition and patterning of the light-emitting materials, and also to
protect the material from the environment. The host material may affect the optical
properties of the light-emitting material, for example, slightly lengthening the fluores-
cence lifetime, however in general the optical properties of the emitter-host blend are

comparable to that of the emitter material in solution.

1.5 Summary

In this chapter the basics of light-emitting diodes were introduced. The historical devel-
opment of LEDs was discussed, in particular the relatively recent development of LEDs
based on the AllnGaN alloy system, as the micro-LEDs to be discussed in the rest of the
thesis are all based on AllnGaN materials. It was seen that AllnGaN LEDs are currently
a topic of great interest, and in particular that such devices hold great promise for use

as highly efficient white-emitting general illumination light sources.
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The principles of operation of LEDs were covered in section 1.2. LEDs are fabricated
from semiconductor materials, the electrical properties of which can be tailored by al-
loying and intentional doping. The most basic form of LED, the p-n junction diode, was
introduced in order to describe the basic mechanisms by which electrical charge carriers
(holes and electrons) are injected into the semiconductor before recombining through the
process of electroluminescence, allowing an LED to emit light. Virtually all AllnGaN
LED structures now use quantum wells to improve their efficiency and to tailor their
output wavelength, so the basic principles of the operation of quantum wells was given

in section 1.2.3.

Subsequently, the focus of discussion turned to more specific details about LEDs fab-
ricated from the AllnGaN alloy system, including how these devices are grown and
processed into working LED devices. Details about typical epitaxial LED structures
and die configurations was provided. A brief summary of the phenomenon of ‘efficiency
droop’ was given, in order to introduce the reader to one of the most hotly debated
areas of present AllnGaN LED research. Some work later in this thesis, in section 5.2.3
will touch upon some of the issues raised here, in particular the degree of non-radiative
Auger recombination within AllInGaN LEDs. Finally, some of the colour-converting
materials which will be used for experiments in chapters 4 and 5 were introduced. The
mechanisms by which these materials absorb and emit light was discussed. More specific

details about the motivation for using them will be discussed in the relevant chapters.
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Chapter 2

Micro-pixellated light-emitting

diode arrays

In this chapter the concept of micro-pixellated light-emitting diode arrays (‘micro-LED
arrays’, or ‘micro-LEDs’) fabricated in the AllnGaN alloy system will be introduced. A
summary of the development of micro-LED arrays by various research groups, including
the Institute of Photonics, will be given. Then the advantages of the micro-structured
nature of these devices will be discussed in relation to some applications that have been
demonstrated. The various formats of GaN-based micro-LEDs to be used later will be
described, and the process flow used to fabricate these devices will be detailed. Finally,
the basic electrical and optical performance of these devices will be summarised in terms
of such properties as the maximum output power per pixel and the emission spectra of

the devices.

2.1 Introduction to micro-LED arrays

2.1.1 Development of micro-LED arrays

An overview of conventional ‘broad area’ LEDs has been presented in chapter 1 and
now an overview of micro-pixellated LED arrays (‘micro-LEDs’) will be given. In simple
terms, micro-LEDs are LEDs which have been patterned by photolithography such that
they consist of an array of separate emitter pixels, each having dimensions of 100 ym or
less. This contrasts with the large die used in a conventional ‘broad area’ LED, which
typically has a single emission area ranging from approximately 300 x 300 zm? to 1 mm?.
High power illumination LEDs commonly use several of these large die. Therefore, a

micro-LED array can have hundreds, or even thousands, of individual emitters in the
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FIGURE 2.1: (a) Schematic and (b) oblique SEM image of the first reported electrically
injected AllnGaN micro-LED devices, from [1].

same area as a single broad area LED. The first electrically-injected AllnGaN micro-
LED device was demonstrated in 2000 by H.X. Jiang’s group, then at Kansas State
University [1]. Individually-addressable micro-LED discs of 12 pm diameter with peak
emission at 408 nm wavelength were fabricated from an InGaN/GaN quantum well LED
wafer by photolithography and ICP etching, as shown in figure 2.1. Since no electrical
bonding scheme had at the time been developed, each pixel could only be addressed
using a probe station. Each pixel demonstrated modest continuous wave (CW) output
powers of up to 20 uW and had a high turn-on voltage of around 7-8 V. However, this
was an important first step in the development of micro-LED devices. Indeed, in 2001,
the same group reported a 10 x 10 array of blue-emitting micro-LEDs (figure 2.2), each
element of which could be addressed via separate p and n contacts for each pixel [2].
This addressing scheme is shown in figure 2.2, where the individual contacts for pixel
can be seen at the edge of the array. Such an addressing scheme would be impractical
for a large array of elements. A method of simplifying this arrangement is to implement
a matrix-addressing scheme, whereby row and column addressing is used to control the
elements in the micro-LED array. The first matrix-addressable micro-LED array was
demonstrated by Ozden et al. in 2001 [3]. The advantage of this approach is that for
an array of m x n elements, only m + n contacts are needed to address the array rather
than > m X n contacts using an individually-addressable scheme. For example, a 64

x 64 micro-LED array would need 128 contacts with a matrix-addressing scheme, or
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FIGURE 2.2: Optical micrograph image of (a) an individually-addressable micro-disk
LED array and (b) output from the array, from [2].

>4000 if each pixel was to be individually addressed. Matrix-addressable micro-LED
arrays fabricated by the Institute of Photonics, the first of which was reported in 2002,
will be discussed in detail in section 2.2.1. It should be noted that to produce an image
on a matrix-addressed micro-LED array the array must be raster-scanned, that is to say
that the rows must be addressed one at a time. Assuming that this raster-scan is done
quickly enough, then to the human eye there appears to be one continuous image. This
approach has the disadvantage that since each row is only active for a fraction of the
time then the average output power of each pixel, and of the overall array, is greatly
reduced. For certain applications it is desirable to be able to individually address each
pixel, removing the need to raster-scan the array and therefore maximising the average
output power of each element. For such applications, individually-addressable micro-
LEDs suitable for integration with an array of CMOS drivers have been designed within
the Institute of Photonics. These devices will be introduced in section 2.2.2 and the

relevant CMOS driver arrays will be introduced in chapter 3.

2.1.2 Advantages and applications of micro-LED arrays

Micro-LEDs offer several advantages over conventional ‘broad area’ LEDs. Perhaps
the most obvious advantage is that a micro-LED array provides a simple method of

generating a micro-scale spatiotemporal light pattern which may then be imaged into
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a light-sensitive sample of interest. Omne such example is shown in figure 2.3, where
the emission of micro-LED arrays with pixels of 50 pm diameter were imaged into a
multi-core optical fibre and projected into biological samples for photo-excitation [4].
Another advantage of micro-LEDs is that the optical output power density is higher
compared to a broad area LED with an identical epitaxial structure. For example, Jin
et al. demonstrated that an array of ~ 100 interconnected micro-LED pixels emitted
light with more than 60% more efficiency than a comparable standard LED having the
same effective active area [5]. Micro-LEDs have also been demonstrated to have shorter
optical turn-off times than broad area LEDs [6], making them particularly useful for
applications that require short optical pulses or high modulation bandwidths. As such,
time-resolved fluorescence measurements using micro-LEDs will be discussed in chapter

4 and the modulation bandwidth of micro-LEDs will be investigated in chapter 5.

Multicore optical fibre

LED image
@ I~500|.|m

PC

cladding
core (4pum)

FIGURE 2.3: (Above) Schematic of an integrated 100 element bluegreen micro-LED
array with fibre optic image projection system. (Below) emission patterns generated at
the end of the multicore image fibre, from [4].

As well as having advantages over conventional broad area LEDs, micro-LEDs also have
some advantages over other formats of micro-display technologies. Micro-displays which
modulate a blanket illumination source using either a liquid crystal display (LCD) or a
digital micromirror display (DMD, also known as a Digital Light Processor, DLP), are
a relatively mature technology commonly found in commercial television or data pro-
jectors. These systems have also been used for scientific instrumentation, for example,
figure 2.4 shows the schematic of an optoelectronic tweezer (OET) device [7], which uses
a DMD to project a modulated image from a single LED source into a photoconductive
layer of amorphous silicon. Wherever the light illuminates the photoconductive layer,

a localised non-uniform electric field is created, which will either attract or repel cells.
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FIGURE 2.4: Schematic of an optoelectronic tweezer device, used for parallel cell ma-
nipulation, from [7].

By changing the modulated output from the DMD, cells can be moved and manipu-
lated. Another example is that of a DMD-based microfabrication system for construct-
ing three-dimensional polymer scaffolds for cell tissue engineering [8]. In both cases,
replacing the relatively bulky DMD-based light pattern projection system with a LED
with a micro-LED array, these devices could be made considerably more compact. In-
deed, a miniaturised OET device that utilises CMOS-controlled individually-addressable
micro-LEDs has recently been demonstrated and will be described in Chapter 3 [9]. An-
other example of micro-LEDs being used to reduce the complexity of a system is for
mask-free photolithography [10], which removes the need for hard photo-masks by in-
stead using a varying micro-LED output and translation of the photoresist sample to
write features into photoresist. This system will be discussed in more detail in chap-
ter 3, section 3.5. An array of individually-addressable stripe micro-LEDs has also been
demonstrated to be capable of replacing a mechanical moving grating for the application

of optical sectioning microscopy, providing improved reliability [11].

As well as compactness, micro-LED arrays also offer other advantages over modulated
micro-displays, including higher efficiency, higher contrast between array elements and

increased brightness. This potentially makes micro-LEDs better suited to applications
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such as Head-Up Displays (HUDs), where the higher brightness and contrast of a micro-
LED could make for a higher clarity HUD than one based on a modulated micro-display,
particularly when the display has to be clearly read under direct sunlight conditions. An-
other format of micro-displays are those based on organic light-emitting diodes (OLEDs).
Unlike the modulated micro-displays discussed above, OLED displays are similar to
micro-LED arrays in the sense that they are emissive displays consisting of arrays of
individual LEDs, with the key difference being that the material that emits light in an
OLED display is an organic semiconductor light-emitting molecule or polymer. A key
advantage of organic semiconductor technology is that the light-emitting materials can
be processed in a considerably more straightforward manner than for inorganic materials
[12]. However, the main disadvantage of organic semiconductors is their comparatively
low light output power density compared to inorganic LEDs. There are also issues with
the operating lifetime and robustness of OLEDs - while OLEDs have been reported with
operating lifetimes of the order of 7000 hours [13], inorganic LEDs may operate for as
many as 100,000 hours [14], and inorganic LEDs are also able to withstand far more
harsh operating environments. Inorganic LEDs are also several times more efficient [14],

which is an important concern in a battery-powered portable device.

2.2 Micro-LED design and fabrication

In this section the design and fabrication of some types of micro-LED arrays will be
presented. These devices are based on LED wafers grown on c-plane sapphire substrates,
which are subsequently processed into micro-LED wafers using the processing techniques
that were outlined in section 1.3.1. A wide variety of micro-LED devices, with different
peak emission wavelengths, array layouts, addressing schemes etc., have been fabricated
in house since 2001. The peak emission wavelengths at which micro-LEDs have been
fabricated range from the near-UV (370 nm), violet (405 nm), blue (450 and 470 nm) to
green (520 nm); more recently yellow (560 nm) and red-emitting (600 nm) micro-LED
devices have also been fabricated. Images of micro-LED devices with peak emission
wavelengths ranging from 370 to 600 nm are shown in figure 2.5. It would not be
practical to exhaustively detail every variation of micro-LED that has been produced
by our group, therefore this section will focus primarily on describing the basic design
and fabrication of some of our most commonly-used micro-LED devices. Section 2.3 will
then focus in more detail on the performance characteristics of the specific variations of
micro-LED devices which were used in the experimental work to be presented in chapters
3 to d.
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200 ym 100 ym

FIGURE 2.5: Image of micro-LED devices with peak emission wavelengths of (a) 405
(b) 520 (c) 450 and (d) 600 nm.

2.2.1 Matrix-addressable micro-LED array design

As discussed previously, matrix-addressable micro-LED arrays are a particularly inter-
esting format of device, as they allow large arrays to be addressed with relatively few
electrical contacts. Each row of pixels in a matrix-addressable micro-LED array shares
a common n-contact, while each column shares a common p-contact. Therefore, any
individual element in the array can be driven by electrically addressing the appropriate
row and column. Figure 2.6(a) shows a cross-sectional schematic of a matrix-addressable
micro-LED array. This device consists of a 64 x 64 array of 16 um diameter elements
with a 50 pum centre-to-centre pitch. The process for fabricating such a device is as
follows [15]. First of all, the individual rows are defined by ICP etching down to the
sapphire substrate. Then, individual pixel mesas are defined on each of these rows by
a second ICP etch step. Early micro-LED devices used an anisotropic etch to define
mesas having nearly vertical sidewalls, [2, 3, 16], however it is extremely difficult to
deposit the necessary continuous contact metal tracks on structures with sharp vertical
trenches. To overcome this, planarisation techniques were initially used [16], which use a
sacrificial metal layer and either chemical-mechanical polishing or dry etching to define
a flat surface upon which contact metal can easily be deposited. Unfortunately, this
approach tends to cause damage to LED p-GaN surface, which degrades device perfor-
mance. Therefore, an isotropic etch technique was developed by our group [17] which
forms mesas with side walls sloped at 20-45° allowing lines of contact metal to be de-
posited along and across the mesa slopes. Since no planarisation process is needed, such
devices showed improved electrical and optical performance. In addition, micro-LED
devices with sloped mesa sidewalls have also been demonstrated to increase the light
extraction efficiency, which was attributed to light scattering from the mesa sidewalls
that would otherwise be trapped in the LED die by total internal reflection [18]. The

next step involves the thermal evaporation of a current spreading layer on top of each
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FIGURE 2.6: (a) Cross-sectional schematic of a 64 x 64 element matrix-addressable
micro-LED array and (b) a corresponding micrograph image, from [15]. Pixels are 16
pm in diameter with a 50 pym centre-to-centre pitch between pixels.

50 -
370 nm
¢ 470 nm
40
= 30 %
g ™
»
8_ 20 "
—
3 -
e
5 104 -
(@) .
.
0-
T T T T T T T T T T T T T 1
0 2 4 6 8 10 12 14

Current (mA)

F1GURE 2.7: Output power versus current of single 16 pum diameter pixels from
‘epitaxy-up’ matrix-addressable arrays with peak emission wavelengths of 370 and 470
nm, respectively. From [15].

pixel, and the deposition of n-contact metal lines and pixel ring-contacts by sputtering.
A SiOs layer is deposited to act as an isolation layer, before this layer is selectively
etched to expose the n-contact pads (i.e. the row contacts) and the ring contacts on top
of each pixel. Finally, p-contact metal lines to address each column are deposited by a
sputtering process. An optical micrograph image of a finished device is shown in figure
2.6(b), clearly showing pixels from the array and the p and n-contacts. Representative
output power versus current (L-I) curves from single pixels from ‘epitaxy-up’ 64 x 64
matrix-addressable arrays, with peak emission wavelengths of 370 and 470 nm, respec-

tively, are shown in figure 2.7. Further detail on the characteristics of these devices has

been published elsewhere [15].

These matrix-addressable devices are controlled via a computer interface and a driver

board. A PIC (Programmable Interface Controller) microcontroller interfaces between
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FIGURE 2.8: (1) Matrix-addressable micro-LED GUI and (r) optical micrograph image
of the array output.

a computer and the driver circuitry, which allows the appropriate row and column ad-
dressing information to be passed to the driver circuitry depending on the desired out-
put image set by the user. The circuitry, developed by V. Poher at Imperial College
London based on a design by Dr. Gareth Valentine of the Institute of Photonics, is
able to raster-scan the entire array, at a rate of up to 600 MHz, in order to build up
an image that appears continuous and flicker-free to the human eye. Each p-contact
column is addressed by a MIC5891 programmable voltage source, which provides the
positive forward bias required to turn-on the micro-LED pixels. In order to compensate
for the non-uniformity in performance across the array, each row is driven by MAX6971
constant-current sink drivers which ensure that the same current flows through each row
even if each row has different turn-on voltage and series resistance characteristics. Thus,
this constant-current driving scheme improves the emission uniformity across the array.
The brightness of the array can be adjusted either by adjusting the micro-LED drive
current or by use of a pulse-width modulation (PWM) scheme. User-friendly graphi-
cal user interfaces (GUIs) have been developed which allow the user to easily control
the output parameters of the matrix array such as array brightness, output pattern,
raster-scan speed, etc. The GUI and an optical micrograph image of the corresponding

micro-LED array output is shown in figure 2.8.

2.2.2 Individually-addressable flip-chip array design

Figure 2.9 illustrates schematically how an individually-addressable, flip-chip, micro-
LED array is fabricated [19]. The unprocessed LED wafer is patterned using standard
photolithographic techniques (figure 2.9(a)) and individual mesa structures are defined
by an ICP etch down to the n-GaN layer (figure 2.9(b)). Once the micro-LED mesas have

been defined, Ni-Au spreading contacts are evaporated onto the top of each pixel and
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subsequently alloyed by a rapid thermal anneal. These define the individual electrical
p-contacts (figure 2.9(c)). Ti-Au is then deposited in the spaces between the pixels to act
as an n-contact common to each pixel. Finally, a SiO layer is deposited and patterned
(figure 2.9(d)), this layer acts to electrically isolate each micro-LED pixel and protect

the array from its environment.

(a) (b)
(C) p-contact

n-contact

FIGURE 2.9: Process flow for fabricating individually-addressable micro-LEDs - (a)
unprocessed wafer (b) individual mesa structures are formed by etching down to the
n-GaN (c) p and n-contacts are deposited and (d) SiOs is deposited.

Various designs of individually-addressable micro-LEDs were used throughout the course
of this thesis. The ‘standard’ design are 16 x 16 arrays of 72 pm diameter pixels on a
100 pm pitch. Micro-LED devices of this design will be referred to as 16 x 16 arrays
during the subsequent work. Figure 2.10(a) shows a plan view of part of a 16 x 16 array,
clearly showing the layout and dimensions of the array. A 32 x 32 array of 30 pm pixels
on a 60 pum pitch have also been fabricated within our group but, for brevity, will not
be discussed in detail here. Further detail on the 32 x 32 devices has, however, been

reported elsewhere [19].

An alternative design of individually-addressable micro-LED array consists of an 8 x
8 array of micro-LED pixels, on a 200 pm pitch, which was designed specifically to be
bonded onto the 8 x 8 array of CMOS drivers to be discussed in detail in chapter 3.
Each pixel on this array has an adjacent p-contact pad allowing electrical contacts to
be deposited away from the pixels themselves. The diameter of the pixels in each row
ranges from 14 pm to 84 pm, in 10 pm increments. The advantages of this design are
improved uniformity of light output from each pixel, and that smaller micro-LED pixels
can be bonded more easily. An example of such an array is shown in figure 2.10(b). The
output power, emission spectra and current-voltage (IV) characteristics of the 16 x 16

and 8 x 8 devices will be given in the following sections.
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tact

FIGURE 2.10: Micrograph image of section of (a) a 16 x 16 individually-addressable
micro-LED array, and (b) an 8 x 8 array as viewed vertically down through the sapphire
substrate.

2.2.3 ‘Cluster’ flip-chip array design

‘Cluster’ or ‘inter-connected’ arrays were fabricated consisting of 30 pm diameter pixels
on a 35 pum pitch, defined in a similar fashion to the individual pixels of the 16 x 16
device discussed previously. However, here each pixel is deliberately not individually-
addressable, but rather they share common p and n-contacts with a group of adjacent
pixels. This allows a group of micro-LED pixels covering a relatively large area to be
conveniently driven simultaneously by addressing only 2 contacts. The purpose of this
design was to enable an array of micro-LEDs to be pulsed simultaneously to function
as an optical pump source for a light-emitting polymer laser structure (see chapter 1).
The proposed advantage of using many micro-LED pixels, rather than a single LED die
of similar area, is that the micro-LED format allows for higher overall output power
densities due to improved thermal management [19, 20]. In other words, a micro-LED
array can provide a higher output power than a single large LED die with an identical
active area. In addition, the smaller capacitance of the micro-LED pixels also helps to
facilitate the short optical pulses (&= 1 — 10 ns) required for successful optical pumping

of a polymer laser.

As shown in figure 2.11, there are several sub-sections in each cluster array, each con-
taining a different arrangement of micro-LED pixels. The area of the largest square
array is 520 x 520 pm?. The process flow used to fabricate these arrays is shown in
figure 2.12, and is described as follows: clusters of separate pixels are defined in a similar
fashion as the individually-addressable devices described earlier, using photolithography
and ICP etching (figure 2.12(a)), before p and n-contact metals are deposited (figure
2.12(b)). A Si0; isolation layer is then deposited (figure 2.12(c)) which crucially leaves
an open aperture above each pixel. Finally, an interconnecting metal layer is deposited

to electrically connect each pixel within each cluster (figure 2.12(d)).
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FIGURE 2.11: Optical micrograph of cluster micro-LED array, (inset) section of the
array in operation. Courtesy of Dr. Z Gong.
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FIGURE 2.12: Process flow for interconnected micro-LED arrays, (a) individual pixels
are defined by ICP etching, (b) n and p-contacts are deposited, (c) 8102 passivation and
opening, (d) inter-connecting metal layer is deposited. Courtesy of Dr. Z Gong.

2.3 Micro-LED array performance

A summary of the characteristics of micro-LEDs which form a key part of this work
is given in table 2.1. A more detailed description about these characteristics will be

presented in the following sections.

2.3.1 I-V characteristics

The relationship between the current through an LED, I, and the applied bias voltage,
V is known as the I-V characteristic of the device. The fundamental principles that
define the I-V characteristic of an LED were described in 1.2.2. Practical devices show
I-V characteristics that vary according to the properties of each particular design of
LED, such as its epitaxial structure and geometry. For research-grade devices, such
as the micro-LEDs presented in this thesis, some unintentional variation in device-to-
device performance is to be expected due to variations in device fabrication. The I-V

characteristics of micro-LED devices are measured using a probe station and parametric
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TABLE 2.1: Summary of device performance.

. Array Pixel diame- | Turn-on Max. DC output | Series resis-
Nomlpal peak | gormat | ter (pm) voltage (mW) per pixel | tance (£2)
emission (nm) (V)

370 16 x 16 | 72 4.37 0.315 112.7

405 16 x 16 | 72 4.02 1.4 29.7

450 16 x 16 | 72 3.66 5.2 7.16

370 8 x 8 14, 24...84 5.86, 1.1% 127.2,
6.00...4.59 79.6...46.9

405 8 x 8 14, 24...84 6.79, 3.26* 124.2,
5.78...4.64 90.0...46.2

450 8 x 8 | 14, 24.84 5.04, 1.047 50.3,
5.51...4.09 26.5...19.3

520 8 x 8 14, 24...84 7.31, 0.43* 103.9,
6.97...5.75 84.4...48.0

* - 84pum diameter pixel

analyser (HP4155B parametric analyzer). Figure 2.15 shows the I-V characteristics from

three different individually-addressable micro-LED pixels, each with a pixel diameter of

72 pum, but having different peak wavelengths of 370, 405 and 450 nm, respectively.

As explained in the previous chapter in section 1.2.2, the threshold voltage of an LED

is expected to increase with increasing bandgap energy. As such, in figure 2.13 the

threshold voltage is seen to increase as the bandgap energy is increased. The series

resistance, Ry, which can be determined by taking the slope of the linear part of the I-V

plot, also increases for the shorter wavelength devices. The relatively poorer crystalline

quality of the epitaxial materials and the increased Al concentration also contribute to

the higher threshold voltages and series resistances for the shorter wavelength-emitting

devices [19].
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FIGURE 2.13: DC current versus voltage (I-V) curves for individually-addressable 72
pm diameter pixels from 16 x 16 micro-LED arrays with peak emission of 370, 405,

450 and 520 nm.

Figure 2.14 provides the I-V characteristics from selected pixel sizes from 4 different 8 x

8 micro-LED devices, with peak wavelengths of 370, 405, 450 and 520 nm. Here it can
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be seen that for pixels with identical epitaxial structure, V;;, and Rs both increase as
the pixel size decreases. This has been attributed to an increase in the series resistance

for pixels with smaller surface areas [20].
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FIGURE 2.14: DC current versus voltage (I-V) curves for pixels of varying diameter in
8 x 8 micro-LED arrays with peak emission of 370, 405, 450 and 520 nm.

2.3.2 DC L-I characteristics

The optical output power versus injected current (L-I) performance is a fundamental
characteristic of an LED, which depends on several factors including the LED die size,
epitaxial structure and packaging. In order to ascertain the basic fundamental L-I
characteristics of a specific design of micro-LED, the output power is measured by a
calibrated photodiode (Hamamatsu, S1227-33BQ) which is placed in close proximity
to the micro-LED surface. The corresponding injected current is measured by placing
an ammeter in series with the micro-LED pixel under test. Figure 2.15 shows the L-I
characteristics of four 16 x 16 micro-LED arrays, with peak emissions of 370, 405, 450
and 470 nm, respectively. These arrays are held by a printed circuit board (PCB) holder,
and electrical contacts were made to individual pixels by wirebonds. As such, figure 2.15
shows the L-I characteristics of these devices with no intentional heat-sinking. With
appropriate heat-sinking, the maximum output powers attainable from these devices

would be anticipated to increase, as will be demonstrated in chapter 3.
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FIGURE 2.15: CW output power versus injected current (L-I) graph of individual 72
pm diameter pixels from 16 x 16 arrays, with peak emissions of 370, 405, 450 and 470
nm, respectively.

It can be seen from figure 2.15 that the maximum continuous (CW) output power from a
single pixel in a 16 x 16 array is approximately 5 mW, in the case of the 450 nm-emitting
device. At 20 mA, the standard ‘calibration current’ for conventional broad area LEDs,
the output power is ~2.35 mW. The L-I characteristics of the pixels are also shown to
vary considerably depending on the emission wavelength (and hence epitaxial structure)
of the particular micro-LED array; notably the output power is reduced as the peak
emission wavelength is shortened. Near-UV emitting LEDs are more sensitive to lattice
defects than their longer-wavelength counterparts which have a higher indium content
[21]. One explanation for this observation is that as the indium content of the epitaxial
wafer is reduced as the peak emission wavelength is shortened, then there are less indium-
rich clusters within the wafer to confine the carriers and prevent them from diffusing
towards defects [22]. Therefore, micro-LED devices emitting at shorter wavelengths
will suffer from more non-radiative recombination, making them less efficient and less

powerful than their longer-wavelength emitting counterparts.

Figure 2.16 shows L-Is from selected pixels from 8 x 8 arrays with peak emissions
of 370, 405, 450 and 520 nm, respectively. These arrays were driven by the ‘third
generation’ CMOS driver chip, to be discussed in chapter 3. It clearly shows that, as
may be expected, that the larger micro-LED pixels show the highest total output powers.
However, if we examine the output power density (the optical power output from the
pixel, divided by its active area), rather than the absolute output power from each pixel,
we observe that the output power density of the smaller pixels is higher than their larger
counterparts. Figure 2.17 shows L-I characteristics from 5 pixels from a single 450 nm
peak-emission 8 x 8 device, with the pixels having a diameter varying from 14 to 84

pm. We can observe that above approximately 2 kA /cm? the output power density of
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FIGURE 2.16: CW optical output power versus injected current (L-I) graph of selected

pixels from 8 x 8 arrays with peak emissions of (a) 370, (b) 405, (c) 450 and (d) 520

nm, respectively. These arrays were driven by the ‘third generation’ CMOS driver chip,
to be discussed in chapter 3.

the largest (84 pm) pixel begins to saturate and roll-over, whereas the output power
densities of the smaller pixels continue to increase. A clear trend emerges, showing that
the smaller the micro-LED pixel the higher its maximum output power density, and
the higher the current density that can be sustained before device failure. It is worth
noting that conventional broad-area LEDs for high-power illumination operate at current
densities of 0.1-1 kA /ecm?, whilst the micro-LEDs can operate at current densities of up
to 17.5 kA/ecm?. An explanation for this observation is that smaller pixels dissipate
heat more effectively due to the increased ratio between their surface area and volume,
resulting in less device self-heating at a given current density for smaller micro-LED pixel
diameters [20]. Increased device operating temperatures reduce the radiative efficiency
of an LED, because negative effects such as carrier leakage from active regions and non-
radiative recombination are temperature-dependent [23]. It has been estimated that the
maximum junction temperature for a 40 um diameter micro-LED pixel is approximately
80 K lower than an otherwise identical pixel of 300 pm in diameter [24]. This reduced
dependence of device operating temperature with injected current allows for a more

efficient device that is also able to operate at higher input current densities.
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vidual micro-LED pixels for different pixel sizes, from a 8 x 8 device emitting at 450
nm.

2.3.3 Pulsed L-I characteristics

The ability to produce high-intensity nanosecond optical pulses from micro-LEDs is
of particular interest, for example because micro-LEDs could potentially be used to
pump organic semiconductor lasers (OSLs). OSLs are a type of laser, which use organic
light-emitting semiconductor materials, such as the conjugated polymers introduced in
chapter 1, as an optical gain medium. The resonator in an OSL can take many forms,
simplified schematics of which are given in figure 2.18. The organic light-emitter can be

integrated with these resonators by simple processes such as spin-coating.

There are several attractive features of OSLs. They are inexpensive and simple to
process, may be readily integrated with other devices and have broadly tuneable emission
throughout the visible spectrum. This make OSLs particularly relevant to applications
such as spectroscopy, sensing, data communications and displays. At present, virtually
all reported OSLs are optically pumped by external laser sources, such as frequency-
doubled titanium-sapphire or Nd:YAG lasers. Because of the complexity, high cost
and bulk of these external sources, this pumping configuration has so far limited the
practical usefulness of OSLs. Direct electrical pumping of an OSL would be extremely
desirable, as this would enable compact, battery-powered OSLs to be available. However,
a definitively electrically-pumped OSL has proved elusive. There are several reasons why
electrically pumped OSLs are difficult to achieve, including the low carrier mobilities in
organic materials, losses due to the formation of electrical contacts, and absorption losses

due to the high density of injected charge carriers [12]. Electrically pumped OSLs would
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FIGURE 2.18: Schematic illustration of several forms of resonator used in OSLs. The

arrows indicate the direction of the propagation of the resonant laser field: (a) planar

micro-cavity, (b) Fabry-Perot laser dye cavity, (¢) micro-ring resonator surrounding an

optical fibre, (d) spherical micro-cavity, (e) distributed feedback (DFB) resonator and
(f) 2D DFB resonator. From [12].

therefore be expected to have lasing thresholds many times higher than comparable

optically pumped OSLs.

Given the difficulties in producing electrically pumped OSLs, and the desire for a com-
pact OSL device, so-called ‘indirect electrical pumping’ offers an alternative. Indirect
electrical pumping uses an electrically-driven LED to optically pump an OSL. In 2008
Yang et al. demonstrated the first hybrid indirectly electrically pumped hybrid polymer
laser, consisting of an optically pumped OSL integrated with a nanosecond pulsed broad
area LED [25]. Micro-LEDs are interesting candidates for optical pumping of OSLs as
they show higher output power densities than broad area LEDs [5, 19]. The array na-
ture of micro-LEDs could also be exploited by, for example, spatially and temporally
sweeping the gain across an OSL structure by sequentially pulsing adjacent micro-LEDs
along the OSL.

In order to assess whether micro-LEDs might be capable of optically pumping an OSL,
commercially-available laser diode drivers were initially used to pulse micro-LED pixels
at high intensities. These drivers typically operate using a high-voltage DC external
supply (up to 150 V or higher) to charge a bank of capacitors. When the driver is
triggered by an internal or external clock signal, then these capacitors are discharged
through the micro-LED. A schematic of one of the laser diode drivers used (Directed
Energy Inc., PCO-7110-40-4 Laser Diode Driver Module) is shown in figure 2.19 [26].
The circuit operates as follows: when the switch, S1, is open the pulse-forming capacitor

Cpfn is charged by the input voltage HVIN via the resistor R, and the clamping
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FIGURE 2.19: (a) circuit diagram and (b) a photograph of a laser diode pulse driver
used to pulse micro-LEDs [26].
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FIGURE 2.20: Representative optical output pulse from a 450 nm-emitting 72 pm di-
ameter micro-LED pixel, as driven by the PCO-7110-40-4 laser diode driver. Repetition
rate 2.5 kHz, optical pulse energy approximately 220 pJ.

diodes D1 and D2. The output diode (e.g. a laser diode or a micro-LED pixel) is
reverse biased in this configuration, hence no current flows through the output device.
When S1 is closed the diodes D1, D2 and the output diode are effectively connected
in parallel with Cjt,. D1 and D2 are reverse biased in this case, and the output diode
is forward biased. Hence, Cf, rapidly discharges through the output diode, resulting
in a short input current pulse through the output diode. The charge accumulated by
Cptn, and hence the input current pulse to the output diode, are directly proportional
to the input voltage HVIN, allowing the intensity of the optical output pulse to be
controlled. The input current to the micro-LEDs was measured using AC current probe
(Tektronix CT-1). The optical output pulses were measured using a photomultiplier
tube (PMT, Hamamatsu H5783P). A signal generator was used to trigger the output
pulses from the micro-LED with typical repetition rates ranging from 2.5 to 10 kHz.
Optical output pulses of the order of 10-35 ns FWHM were found, giving output duty
cycles of approximately 0.0005 to 0.02%. A representative optical pulse 18.5 ns FWHM

optical pulse is shown in figure 2.20. In order to measure the average energy per optical



Chapter 2. Micro-pizellated light-emitting diode arrays 62

pulse, and the average optical peak intensity of the pulses, the average output power
of the micro-LEDs was measured using a calibrated Si photodiode. The average energy
per pulse, F/, and the average peak intensity, I,cqk, were then calculated according to

equations 2.1 and 2.2 respectively.

E= ’;j (2.1)
E
Ipeak - m (22)

where L is the average output power from the pulsed micro-LED, f is the pulse repetition
rate, t is the optical pulse FWHM and A is the active area of the pixel under test.
Micro-LED devices with peak emission at 405 and 450 nm were primarily investigated,
as these wavelengths are a good match for the absorption spectra of several LEPs under
consideration for use in producing OSLs [27]. The energy density and energy per pulse
versus injected pulse current density for individual 72 pum diameter micro-LED pixels
from a 16 x 16 arrays are shown in figures 2.22(a) and (b) for pixels with peak emission
of 405 and 450 nm, respectively. The highest average peak intensities observed were 3.56
uW /pm? for 450 nm, and 2.19 W /um? for 405 nm. The maximum energy densities were
approximately 12000 and 5900 pJ/cm? for the 450 and 405 nm peak emission devices,
respectively, corresponding to maximum pulse energies of 500 and 240 pJ. Figure 2.21
shows a comparison between the pulsed output of our micro-LED devices and reported
OSL thresholds. Considering that typical state of the art thresholds for OSL range
from 1-100 pJ/cm? [28], with reported thresholds as low as 36nJ/cm? [29], then these
measurements indicate that micro-LEDs are potentially suitable candidates for indirect
optical pumping of OSLs. The pulsed L-I performance from various sub-arrays from a
cluster micro-LED device with a peak emission at 450 nm is also given in figure 2.23,
indicating that inter-connected groups of micro-LEDs allows the pulsed performance of
the micro-LEDs to be scaled up to larger emission areas, with output pulse energies of
greater than 2 nJ for a pulse width of ~25 ns being measured. At present there is ongoing
work towards demonstration of optical pumping of an OSL using a micro-LED device.
This work focuses on such areas as further improving the micro-LED pulsed output
powers (by, for example, improved heat-sinking), further reducing the OSL thresholds

and improved integration between the micro-LEDs and the OSLs.

2.3.4 Emission spectra

The emission spectrum of an LED is determined by the product density of states, which
is proportional to \/(E — Eg) for bulk semiconductor material, and the Boltzmann dis-
tribution of carriers, o< exp(—FE/kT). The intensity, I, versus energy, E can be defined
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Chapter 2. Micro-pizellated light-emitting diode arrays 64

—=— 1x1
Col—2x2

. . . : —a— 2x6
1000_ e ._.._._:_: T e ey B e e ._:_:_.f':_.._. :_:_.'..'._; 5X5 =
. 848
) 15x15|

Total energy per pulse(pJ)

(P A

1

1

f T T f
200 0 400

3]

Pulse current density (kA/ch)

FIGURE 2.23: Pulsed L-I characteristics of sub-arrays from a 450 nm-emitting inter-
connected micro-LED array.

as [23]:
I(E) < \/E — Ege E/*T (2.3)

where E, is the bandgap energy in eV. Because carriers have an average kinetic energy
equal to kT, the maximum energy intensity occurs at an energy above the bandgap
energy, according to:

1
E = Ey+ 5kT (2.4)

and the full width at half-maximum (FWHM) of the emission spectra, AFE, is given by:
AFE = 1.8kT (2.5)

Equations 2.3 to 2.5 show that the emission spectrum of an LED is primarily determined
by the semiconductor bandgap energy, E, and the device operating temperature. The
emission spectra of micro-LED devices with different peak emission are shown in figure
2.24. These spectra were measured using an Ocean Optics USB4000 Miniature Fibre
Optic Spectrometer, with a spectral resolution of &~ 0.3 nm. Each spectrum is measured

from 84 um diameter pixels, operating at a DC current of 20 mA.

The evenly spaced peaks that are observed in the main electroluminescence peaks may
be attributed to, for example, interference fringes caused by whispering gallery modes
trapped within the micro-LED pixel [18]. For clarity, the emission from each device is
described by the nominal peak emission wavelength as specified from the manufacturer,
i.e 370, 405, 450 or 520 nm. However, as the table inset in figure 2.24 shows, the
true peak emission does vary. One reason is that the tolerance of the peak emission

wavelength specified by the manufacturer is typically +10%. The peak emission will
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FIGURE 2.24: Emission spectra of various micro-LED pixels. Each pixel was 84 pm in
diameter and was operated with a DC current of 20 mA.

also vary with operating current. A high current density a red-shift is observed which
is attributed to a reduction in the bandgap energy at higher operating temperatures
[24]. Two mechanisms which contribute to a blue-shift in the emission spectra at lower
current densities are the band-filling effect and the screening of the quantum-confined
Stark effect. The band-filling effect refers to the processes whereby the lowest levels
of the conduction band and the highest levels of the valence band are first to be fully
occupied by carriers. As more carriers are injected they are forced to occupy states that
lie higher /lower in the conduction/valence bands. This increases the average separation
in terms of energy between the electrons and holes, increasing the average energy of the
photons that are subsequently emitted during recombination. Strong polarisation fields
cause the electron and hole wave functions to be spatially-separated, a phenomenon
known as the quantum-confined Stark effect (QCSE). This also decreases the separation
in energy between electrons and holes. As more carriers are injected into the active
region the strong polarisation fields are screened, counteracting the QCSE and thus
blue-shifting the emission spectrum. Finally, as the strain and composition varies across
an AllnGaN wafer, devices fabricated from different sections of the wafer may show

variation in peak emission.

2.4 Summary

This chapter began by introducing the concept of micro-LED arrays. These devices are

fabricated by photolithography from standard LED semiconductor wafers, and consist
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of arrays individual micro-emitters with sub-100 pym dimensions, compared with stan-
dard ‘broad area’ LEDs which consist of single die typically around 300 x 300 pm?
in area. The historical development of micro-LEDs, starting with the first demonstra-
tion of 408 nm peak emission micro-LEDs reported in 2000 by H.X. Jiang’s group at
Kansas State University [1], was covered in outline before the motivation for fabricat-
ing micro-LEDs was discussed. Micro-LEDs offer spatial and temporal control over a
micro-scale light output pattern using simple computer control. This allows micro-scale
light patterns to be imaged into a wide range of samples of interest for a wide range
of applications, ranging from biophotonics [4] to mask-free photolithography [10] and
optical sectioning microscopy [11]. A range of other light sources which offer similar
light output capabilities were introduced, including digital micro-displays and organic
LEDs. Micro-LEDs however offer several advantages over these technologies, including
higher contrast, higher power densities, improved robustness against harsh operating

environments and low fabrication cost.

The specific design of the micro-LEDs fabricated in our group was then presented,
showing the examples of the process flows used for fabricating the devices and the layout
and dimensions of the arrays. The key performance metrics of some representative arrays
were presented, including the current-voltage (I-V) and output power versus current (L-
I) characteristics, the nanosecond pulsed performance and emission spectra. There are a
wide range of different micro-LED arrays with different device layouts, formats and peak
emission wavelengths. For clarity, the performance of the devices that will be discussed

later in this thesis were summarised in table 2.1.
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Chapter 3

CMOS-controlled micro-LED

arrays

Individually-addressable and matrix-controlled micro-LED arrays have both been pre-
sented in the previous chapter. Whilst matrix-addressing schemes are considerably eas-
ier to implement, from a physical layout and electrical-addressing point of view, they
have the drawback of requiring raster-scanned operation of the array. This means that
individual pixels may not be operated in true DC mode. Individually-addressable ar-
rays however allow for complete independent control of each element in a micro-LED
array, yielding a much more flexible device. However, independently addressing indi-
vidual pixels in an array consisting of several hundred or thousand micro-LEDs is not
straightforward. In this section, the design of several iterations of electronic driver chips
based on Complementary Metal-Oxide Semiconductor (CMOS) technology will be pre-
sented. These represent progress towards large-scale, high-density arrays of individually-
addressable micro-LEDs. All CMOS design presented in this chapter was undertaken by
collaborators from Dr. Robert Henderson’s group in the Institute for Integrated Micro
and Nano Systems, The School of Engineering, University of Edinburgh. The design
parameters, chip layout and compatibility with the micro-LED devices were, however,
determined in full collaboration with our group. These chips are flip-chip bonded to
the micro-LEDs using gold bump-bonds, such that individual pixels in a micro-LED ar-
ray are bonded directly to their own dedicated individually-controllable CMOS driver.
CMOS-controlled micro-LED arrays will be shown containing up to 64 individually-
controllable micro-LED elements. The performance of each generation of chip will be
discussed; DC output powers of up to 4 mW per pixel and sub-nanosecond optical pulses
as short as 300 ps FWHM are shown, indicating the potential of such devices for a wide
variety of applications. The limitations of each chip generation are identified and so-

lutions implemented to overcome these limitations in subsequent designs are discussed.
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Finally, the chapter closes with a summary of some possible applications of these CMOS-
controlled micro-LED arrays and progress that has been made to date in demonstrating

them.

3.1 Complementary Metal-Oxide-Semiconductor (CMOS)
technology.

3.1.1 Metal-Oxide-Semiconductor Field Effect Transistors (MOSFETsSs)

Over the last 25-30 years, Complementary Metal-Oxide-Semiconductor (CMOS) has
become the dominant technology used in the fabrication of electronic integrated cir-
cuits (ICs) on silicon (Si) wafers. Compared to other technologies, such as transistor-
transistor logic (TTL), CMOS has the advantages of being reliable, cheap, scalable,
manufacturable, more compact, requiring fewer processing steps and having lower power
consumption. The term ‘CMOS’ is used interchangeably to refer both to the particular
design of the circuitry involved and the related family of processes used to fabricate the
devices. The nomenclature applied to the CMOS process used to fabricate a particular
device refers to the smallest transistor dimensions that the process can produce and the
voltage supply to the transistors. For example, a ‘5 Volt 0.35 yum CMOS process’ can
fabricate transistors with minimum feature sizes of 0.35 um, with a voltage supply of 5
V.

The basic building block of CMOS technology is the Metal-Oxide-Semiconductor Field-
Effect Transistor (MOSFET). Both n and p-type MOSFETS, also known as NMOS and
PMOS, respectively, are used together to implement digital logic circuitry. Simplified
cross-sectional diagrams of NMOS and PMOS transistors are shown in figure 3.1. First
the NMOS transistor will be considered. The NMOS transistor consists of four termi-
nals, termed the Body (B), Source (S), Gate (G) and Drain (D). Since the body and
source are typically connected together, and virtually no current flows through the body
terminal, the body is generally neglected and the device can be thought of as a three
terminal device. The main substrate consists of p-type Si and the source and drain wells
consist of n-type Si. The source and drain regions are formed by doping them using ion
implantation [1]. The gate is insulated from this substrate by a layer of Si0q, typically
0.05 to 0.1 pm thick [2], so negligible current can flow through the gate. By controlling
the voltage between the gate and source, Vg, the flow of current into the drain, ip can
be controlled. Depending on the magnitude of voltage applied between the drain and
source, Vpg, and the gate voltage, Vizg, the transistor can be said to be operating in one

of three regions. The first region is known as the ‘cutoff region’. An NMOS transistor
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FIGURE 3.1: Cross-sectional schematics of an NMOS (1) and PMOS (r) transistor,
showing the source, gate, drain and body terminals.

operating in the cutoff region is illustrated in figure 3.2(a). Consider that a positive
voltage, Vpg is applied to the drain relative to the source, and that the gate voltage,
Vas = 0 V. In this case, virtually no current can flow into the drain terminal because
the drain/body junction is reverse-biased by Vpg, i.e. ip = 0 A. As long as Vg remains
below a certain threshold voltage, Vi, then ¢p will remain zero. This is the cutoff region

of operation, where no current can flow into the drain terminal:
ip=0 when Vgs <V, (3.1)

When Vpg < Vgs — Vi and Vigg > Vj, the transistor is operating in the ‘triode region’.
When a large enough positive voltage is applied to the gate then an electric field between
the gate and the main p-type body exists which repels holes from, and attracts electrons
to, the layer of p-type material directly underneath the gate terminal. This layer can
then be said to be inverted, i.e. it is no longer p-type, but is now n-type. This creates
an ‘inversion channel’ of n-type material between the source and drain, as highlighted in
figure 3.2(b). Thus, a positive bias across Vpg will cause a current, ip, to flow from the
source to the drain via the inversion channel. For small values of Vpg the current ip is
proportional to both Vpg and the excess gate voltage, Vigs — Vio. It can be seen that the
NMOS transistor can be thought of as a ‘switch’, which allows current to flow between
the source and drain only when the gate voltage is above a certain threshold. As the
voltage Vpg continues to be increased, the channel charge is attracted to the drain thus
depleting the inversion channel as it approaches the drain. This results in a tapering
of the inversion channel, as shown in figure 3.2(c), which causes the resistance of the
channel to become larger with increasing Vpg. The current ip is no longer proportional
to Vpg in this case. When Vpg reaches a certain level, the inversion channel becomes
completely depleted at the drain. Above this value of Vpg, the current ip will no
longer increase at all, this region of operation is referred to as the ‘saturation region’.
Characteristic current-voltage (I-V) curves of an NMOS transistor are shown in figure
3.3, showing the cutoff, triode and saturation regions of operation of the transistor. The
relationship between the drain current, ¢p, the gate voltage Vg and the drain-source

voltage Vpg are also clearly shown.
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FIGURE 3.2: Schematic illustration of an NMOS transistor operating in the (a) cutoff
(b) triode and (c) saturation regions. Note the tapering of the channel in (c).
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FiGUrge 3.3: Characteristic current-voltage curves from an NMOS transistor. From

[2].

PMOS transistors are analogous to NMOS transistors, except that the p and n-type
regions are reversed in comparison to NMOS, as shown in figure 3.1. The characteristics
of the two devices are very similar, but the voltage polarities are reversed. Whereas
an NMOS transistor allows current to flow between the source and drain because a
positive gate voltage attracts electrons to the gate to form an n-type inversion layer,
the PMOS transistor instead attracts holes to the gate in order to form p-type inversion
layer. In other words, an NMOS transistor conducts between the source and drain when
the gate-source voltage, Vag > Vi, and a PMOS transistor conducts when Vgg < Vi
Thus, PMOS and NMOS transistors can be considered ‘mirror images’ of each other.
The circuit diagram symbols used to depict NMOS and PMOS transistors are shown
in figure 3.4. The ‘complementary’ part of the term CMOS refers to the fact that in



Chapter 3. CMOS-controlled micro-LED arrays 74

Drain Source

Gate b Gate D

\ \J

Source Drain

FIGURE 3.4: (1) NMOS and (r) PMOS circuit diagram symbols. The red arrow depicts
the flow of the drain current, ip.

CMOS design the symmetry and complementary functionality of the NMOS and PMOS

transistors is used to design digital logic, as will be shown in the following section.

3.1.2 Basic CMOS logic gates

All of the functionality provided by the micro-LED CMOS control chips to be discussed
in this chapter are controlled by digital logic gates, including element addressing, clock
frequency, pulse duration, etc. We shall thus briefly discuss how some simple logic gates
can be constructed in CMOS technology using a combination of NMOS and PMOS

transistors.

The most simple logic gate, an inverter or NOT gate, can be constructed using one n-type
MOSFET (NMOS) and one p-type MOSFET (PMOS). The inverter is a vital ‘building
block’ used to build digital logic circuits. A circuit diagram of a CMOS inverter is shown
in figure 3.5. Vdd is the positive voltage supply rail, Vss is ground, A is the logic input
and @ is the logic output. Logic 1 is defined as being a voltage above the threshold
required to turn on/off an NMOS/PMOS transistor. Similarly, logic 0 is defined as being
a voltage below the threshold required to turn off/on an NMOS/PMOS transistor. In
the case where A = 0, the upper PMOS transistor is on, and the lower NMOS transistor
is off. Therefore, there is a path from Vdd to @, thus Q = 1. In the case where A =1,
the upper PMOS transistor is off, and the lower NMOS transistor is on. Therefore, there
is a conductive path from Vss to @, thus Q = 0. From this it is clear that Q = A, in
other words @) is the logical inverse of A. It can also be appreciated how the PMOS and
NMOS can be considered ‘complementary’, the PMOS is connected between the output
and Vdd, the NMOS between the output and Vss. The PMOS controls whether the
output is connected to logic 1, the NMOS controls whether the output is connected to

logic 0. Each transistor complements the functionality of the other.
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FIGURE 3.5: Circuit diagram of a CMOS inverter (NOT gate) showing the logic input
A and the logic output Q.

There are several features of the CMOS NOT gate that have allowed CMOS to become
the dominant technology for the fabrication of ICs. First, is the low power consumption
of CMOS. CMOS inverters do not consume any static power, so CMOS inverters only
consume power during output logic transitions. During a logic transition on the input of
a CMOS NOT gate there will be a brief point when the voltage lies somewhere between
the logic 0 and 1 levels, in which case the NMOS and PMOS transistor inputs can be said
to be ‘floating’. In this state, both transistors may conduct, allowing current to briefly
flow between Vdd and Vss. However, this dynamic power consumption is relatively low
when compared to other technologies that must consume power continuously in order
to maintain the output logic level. The second advantage of CMOS is that allows for a

higher density of logic functions on a chip compared to other technologies.

PMOS and NMOS transistors can be used to implement other digital logic gates. NAND
gates are a very important type of logic gate since they can be used to construct any
other type of logic gate. The most basic NAND gate consists of two inputs, A and B,
and one output (. @ is equal to 1, except when when A and B are both 1, i.e. @
= A+ B. A NAND gate circuit diagram and corresponding truth table are provided
in figure 3.6. From the circuit diagram it can be seen that the PMOS transistors are
connected in parallel, while the NMOS transistors are connected in series. Only in the
case when A and B both equal logic 1 will the current path from @ to Vss be made.
The path from @ to Vdd is blocked by the PMOS transistors and ¢ = 0. In all other
cases the path to Vss will be broken by one or both of the NMOS transistors being in
the off state, and a current path from @ to Vdd will be created through one or both of
the PMOS transistors. To increase the NAND gate to more than two input terminals,
extra pairs of PMOS and NMOS transistors can simply be inserted into the circuit.

NAND gates and NOT gates are two of the most basic gates used in the fabrication
of the various logic circuits within the CMOS control chips used to drive micro-LED
arrays. The specific functionality of the circuits will be discussed in more detail later in

this chapter.
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F1GURE 3.6: Circuit diagram of a NAND gate and corresponding truth table.

3.1.3 Flip-chip bump-bonding

Clearly, being able to mechanically and electrically bond micro-LED and CMOS devices
together is of critical importance. There exist several chip inter-connect technologies
which are potentially suitable for bonding micro-LED and CMOS devices. These have
primarily been developed by the semiconductor industry, which has been looking to
chip-stacking as an alternative to the shrinking of transistor dimensions as a means of
maintaining Moore’s Law. The methods include through-silicon vias [3], copper electro-
plating [4] and dielectric glue layers [5]. The method that was chosen here for integrat-
ing micro-LEDs and CMOS was flip-chip bump-bonding. This method uses gold bump

bonds to provide interconnects between two chips.

The procedure of flip-chip bonding a micro-LED array to a CMOS control chip consists
of two stages. The first stage involves depositing gold bump bonds onto one of the chips.
Typically, the bumps were deposited onto the CMOS chip as our empirical observations
revealed that the gold bumps adhered to the CMOS devices more readily than to the
micro-LED. The CMOS devices were mounted into an automatic wire-bonder machine
(Palomar Technologies Inc., Palomar 8000). A bonding tip was fed gold wire with a
diameter of 20 ym via a capillary. As the tip came into contact with a target bonding
site on the CMOS chip, a combination of thermal, electrical and ultrasonic energy was
applied at the end of the bonding tip to melt the gold wire and form a gold ball with an
approximate diameter of 70 um, which attached to the CMOS chip. The machine was
programmed to automatically visit each element in the CMOS array until each bond pad
was populated with a gold bump bond. This procedure is illustrated schematically in
figures 3.7(a) and (b). An oblique side-profile scanning electron microscope (SEM) image
of a representative gold bump bond is shown in figure 3.8(a), revealing that the bumps
have an ‘up-turned mushroom’ shape. Figure 3.8(b) is a micrograph image showing a

top-down view of several bump bonds that have been deposited onto a CMOS chip.
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FI1GURE 3.7: Schematic illustration of the flip-chip bonding process. Gold bumps are

deposited onto the first substrate (a,b). This substrate is flipped and aligned above the

second substrate (¢) before the two substrates are held together and the gold bumps
are melted by thermo-sonic bonding to create the electrical connections (d).

FIGURE 3.8: (a)SEM image showing gold bump bonds that have been deposited onto
a CMOS control chip and (b) top-down micrograph image showing the gold bumps
deposited on the CMOS chip.

Once the CMOS chip was populated with gold bump bonds it was then transferred
to another machine, a flip-chip bonder (Finetech Fineplacer; Finetech, GmbH and Co.
KG). The CMOS device was held flat on a heated vacuum plate and the micro-LED
array to be bonded to the CMOS device was held on a mechanical arm by means of
a vacuum head, such that the micro-LED metal contacts faced down. The micro-LED
device was carefully aligned above the CMOS array, as shown in figure 3.7(c), before the
two chips were mechanically pressed together. Ultrasonic energy (1500 mW for 800 ms)
and thermal energy (80 °C rising to 200°C over 50 seconds) was then applied, melting
the gold bumps situated between the two arrays and creating the bonds, as shown in
figure 3.7(d). After this step, bonding is complete, although an additional optional step

which flows an underfill material between the two chips may be used to provide greater
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mechanical stability.

3.2 ‘First-generation’ CMOS control chip

This chapter will describe several designs of CMOS driver arrays. For clarity, the first
CMOS driver chip to be used for driving micro-LEDs will be named the ‘first-generation’
device, and subsequent designs will be named ‘second-generation’ , ‘third-generation’,
etc. This section will detail the design and performance of micro-LED arrays bonded to
the first-generation CMOS device. A micrograph image of one of these devices which
has been flip-chip bonded onto a micro-LED array is shown in figure 3.9. The micro-
LED array can be seen on the bottom right quadrant of the rectangular CMOS device.
This CMOS device was not custom designed for driving micro-LEDs, instead it was
originally intended for electrowetting, i.e. for the purpose of manipulating nano or
micro-litre droplets of biological samples by means of controlling the applied voltage
across an array of electrodes [6]. However, the ready availability and suitability in terms
of its electrode layout and electrical drive capabilities meant that this design of chip was

adopted for the first demonstration of a CMOS-controlled micro-LED array.

The CMOS device was fabricated in a 0.35 pm high voltage CMOS process from the
Austria Microsystems foundry, and consisted of a 16 x 4 array of electrodes, each with
dimensions of 200 x 100 pm, and each containing a single photon avalanche diode
(SPAD). The operation of the SPADs will be discussed in section 3.2.1. Four metal
layers were available from the CMOS process provided by the foundry, the first (i.e.
bottom) two layers were used for routing signals around the chip, the third layer acted
as a ‘shield’ to protect the underlying layers from the high-voltage signals above, and the
fourth (uppermost) layer was patterned into an array of electrodes. The layout of the
CMOS electrode array fortuitously matched the layout of the individually-addressable
micro-LED arrays in the design fabricated at that time, which have a diameter of 72
pm and a pixel centre-to-centre pitch of 100 um, such that a 16 x 4 array of CMOS-
bonded micro-LEDs could be fabricated, albeit that every second column of micro-LEDs
had to remain unbonded because of the 200 ym dimensions of the CMOS electrodes in
that direction. The micro-LEDs to be bonded to this CMOS device had to be diced
to approximately 1 x 1.6 mm in order to fit into the appropriate area on the CMOS
chip. A scanning electron microscope (SEM) image of three adjacent CMOS electrodes

is shown in figure 3.10, which shows the location of SPADs within the electrode area.

The driver circuit contained within each element in the CMOS array is shown in figure
3.11. Tt consists of three main elements. The first is an addressing element, which

controls the state of the driver output, i.e. whether the output is on or off. The desired
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FIGURE 3.9: Micrograph image of a ‘first-generation’ flip-chip bonded micro-
LED/CMOS device.
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FiGURE 3.10: SEM image of three adjacent CMOS top electrodes, showing the location
of the SPADs.

state of the driver is set by the user by setting the signal Input to be either high or low
(on or off). When a particular element is addressed (when both Row and Column are
high) then on the next rising clock edge the output of the D-type flip-flop, and thus the
output of the driver, will match the value of Input. The clock is generated away from
the main array of drivers, and is common to every element in the array. The D-type
flip-flop allows the state of the driver circuit to be held at the desired value even when

the element is no longer directly addressed.

The second part of the circuit is a timing element. Two signals, SQIN and SQIND are
generated on the CMOS chip, but away from the main 16 x 4 array of drivers, and are
broadcast to each element. SQIN and SQIND are essentially the same pulsed signal, but
with a small propagation delay between the two. This propagation delay is controlled
by a delay line consisting of 120 pairs of inverters. Each pair has a propagation delay
of 408 ps, so by selecting via software control how many pairs of inverters is placed in
the path between SQIN and SQIND the propagation delay between the two signals can
be varied from 408 ps to /49 ns, in increments of 408 ps. The delay between the two
signals is fed to the NOR gate in each driver to generate a short electrical output pulse,

the pulse being equal to the propagation delay between SQIN and SQIND. The inputs
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FIGURE 3.11: Current-controlled micro-LED driver circuit. Each electrode in the 16
x 4 CMOS array contains the same driver circuit. From [7].

SQIN and SQIND can be disabled, allowing the drivers to be operated using DC or

square-wave signals.

The third element is a level shifter, which allows the 3.3 V output of the control logic
contained in the first two sections to be capable of driving voltages of up to 50 V on the
output electrode. The maximum voltage to the electrodes is set via the user-definable
voltage HV _AVpp, the current drawn by a micro-LED for a given value of HV _AVpp
depends on the individual I-V characteristic of each micro-LED. In addition, the current
supply, Ipiqs, can be used to control the maximum current the driver element will supply,
and is controlled globally by the transistor Mj. Ip;qs is then ‘mirrored’ to each micro-
LED pixel via the current mirror transistors My and Mj3. The current drawn by each
micro-LED pixel will be limited either by Ij;qs or by HV _AVpp. In summary, the pixel
addressing, pulse duration and mode of operation are controlled via a software interface,
whereas the current and voltage bias to the micro-LED pixels are controlled via variable

resistors on board the device motherboard or by an external DC power supply.

3.2.1 Single photon avalanche diodes (SPADS)

As already mentioned, each electrode in the 16 x 4 array contains a single photon
avalanche diode (SPAD). As shown in figure 3.10, the SPAD in each electrode is con-
tained within the circular gap in the electrode metal. SPADs are essentially p-n avalanche
photodiodes which are reverse biased above their breakdown voltage, a mode of opera-
tion commonly referred to as the Geiger mode. In Geiger mode, prior to breakdown the
diode remains in a zero current state for a relatively long time, of the order of millseconds
[8]. During this time, a very high electric field exists in the p-n junction, forming an

avalanche multiplication region. An electron-hole pair, generated within the avalanche
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multiplication region by an incoming photon, will be greatly accelerated by the high
electric field and generate secondary carriers by impact ionisation. These secondary car-
riers can generate even more carriers by the same process, thus a large current pulse can
be generated very rapidly by the SPAD in response to the incoming photon. Thus, the
output of a SPAD is a train of short pulses which indicate the arrival times of photons

at the SPAD. The avalanche breakdown process is illustrated in figure 3.12.
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FIGURE 3.12: Illustration of the generation of an avalanche breakdown current within
a SPAD by the process of impact ionisation.

A schematic of the SPAD design implemented in this CMOS driver chip is shown in
figure 3.13. The p+/deep n-tub junction provides the avalanche multiplication region,
which is surrounded by a relatively lightly-doped p-type ‘guard ring’. The guard ring
acts to reduce electric field gradients at the periphery of the SPAD, helping to ensure that
multiplication occurs across the whole SPAD planar region rather than at the edges of the
SPAD and reducing the likelihood of premature avalanche breakdown [9]. Guard rings
also help to reduce electrical crosstalk caused by adjacent circuits injecting current into
one another [10]. The active region of each SPAD is approximately 10 ym in diameter.
After an avalanche breakdown occurs, an electronic quenching circuit reduces the voltage
at the diode below the threshold voltage for a short time, in order to halt the avalanche
breakdown. The SPAD is subsequently recharged, after which it is ready to detect
another photon. The time between breakdown and being ready to detect another photon
is known as the SPAD ‘dead time’, and is 40 ns for the SPADs implemented in this CMOS
device. Timing jitter is defined as the statistical fluctuation in the time delay between
the arrival of a photon and the subsequent output pulse, and is given as 100 ps for these
SPADs [11]. It is important to note that avalanche breakdowns are not always triggered
by incoming photons. Thermally-generated electron-hole pairs within the junction can
also trigger avalanches and are indistinguishable from avalanches generated by photons.
The dark count rate (DCR) defines the temperature-dependent rate at which these

thermal avalanches occur and is specified as 10 Hz at room temperature for these SPADs

[9].
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FIGURE 3.13: SPAD cross-section, from [9].

SPADs have been implemented onto this CMOS control chip as they are able to provide
optical feedback. During operation, all SPADs within the 16 x 4 array are operational,
however the output from only one SPAD is observed at any given time. As will be
demonstrated in section 4.3, one application of this optical feedback involves using the
SPADs to detect fluorescence from a sample that has been optically excited by the
micro-LED array driven by the same CMOS device. SPADs are particularly useful for
such time-correlated applications, as they provide extremely accurate information about
the arrival time of detected photons. SPADs are also much more compact than other
single-photon detectors such as photo-multiplier tubes (PMTs), allowing miniaturised

systems to be devised.

3.2.2 Device performance

Two types of 16 x 16 micro-LED arrays, having peak emission wavelengths of 370 and
470 nm, respectively, were flip-chip bonded to the ‘first-generation’ CMOS device using
the bonding process introduced in section 3.1.3. The pixels were all of 72 pm diameter.
This section will summarise the performance of these devices and discuss some of the
performance limitations that were observed. A 470 nm-emitting device can be seen being
operated in DC mode in figure 3.14, displaying an ‘loP’ pattern, thereby confirming that
this CMOS driver array allows the output pattern of an individually-addressable micro-

LED array to be controlled.

o Se bl S St ) S

FiGURE 3.14: A CMOS-driven 470 nm peak emission wavelength micro-LED array
displaying an ‘IoP’ output pattern.
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The L-I characteristics from a selected pixel from each array are shown in figure 3.15.
This reveals that the highest DC optical output powers achieved from a single 72 pym
diameter micro-LED pixel are 10 and 180 uW for the 370 and 470 nm-emitting arrays,
respectively. The electrode voltage, HV_AVpp, was set to a maximum of 15 and 25 V
for the 370 and 470 nm devices, respectively. This figure also reveals that the maximum
current that could be supplied to the micro-LEDs was approximately 4.5 mA. At higher
currents, the element would fail and no longer emit light. Recalling the L-I characteristics
of the ‘bare’ micro-LED pixels presented in section 2.3.2, figure 2.15, these pixels should
be able to be driven with up to 25 mA for the 370 nm device, and 70 mA for the
470 nm device. Therefore, this failure was attributed to failure of the CMOS drive
circuitry rather than the micro-LEDs. Figure 3.16 shows the maximum power obtained
from a selection of pixels across each array, when each pixel is provided with the same
maximum current (2 and 2.5 mA, for the 370 and 470 nm devices, respectively) and
voltage (15 and 25 V for the 370 and 470 nm devices, respectively) inputs. It reveals
clearly that there were some issues with array uniformity. Some micro-LED elements did
not emit any light at all, their failure to do so being attributed to partial failure of the
flip-chip bonding process. The variation in performance between operational pixels was
attributed to variation in the effective series resistance of the micro-LEDs, a variation
which itself was tentatively attributed to variations in the quality of the bump-bond
electrical contacts from pixel to pixel, because the unbonded micro-LED arrays were
highly uniform as verified using a probe station. A slightly different series resistance
from micro-LED pixel-to-pixel would place different source resistances onto the current
mirrors in each CMOS driver circuit in the array, resulting in each micro-LED sourcing
different bias currents despite each being driven by the same driver circuit design and

input parameters.

For many potential applications, such as time-resolved fluorescence lifetime measure-
ments [12] or optical pumping of organic light-emitting polymer structures [13], the
ability to produce very short optical pulses of the order of a few nanoseconds or less is
vital. As mentioned previously, the drivers in this CMOS array can provide electrical
pulses which range from 408 ps to 48 ns, in steps of 408 ps. However, due to the fact
that this CMOS array was not designed for the purpose of driving micro-LEDs and was
not optimised for driving the relatively large load capacitance of the micro-LEDs (which
was measured to be ~ 3 pF for a 72 pum diameter pixel), optical pulses as short as 408
ps were not obtained from any micro-LEDs driven with this CMOS device. Figure 3.17
illustrates the shortest and longest optical pulses obtained from the 370 nm-emitting
micro-LED device. These pulses were measured using the time-correlated single-photon
counting (TCSPC) technique, to be discussed in detail in section 4.2. The shortest pulse
was 1.1 +0.18 ns, with the longest pulse being 47.9 +0.18 ns. The uncertainty in the
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emitting at (a) 370 and (b) 470 nm.

pulse duration arises from the transit time spread of 180 ps from the PMT used in the

measurements (Becker & Hickl, GmbH, PMH-100). These results were reported in [11].
3.2.3 Discussion

Micro-LED arrays have been presented where a 16 x 4 array of pixels can be indi-
vidually addressed by local CMOS drivers. The micro-LED arrays and CMOS devices
were bonded together successfully using a flip-chip bonding process utilising gold bump-
bonds. To our knowledge, this was the first demonstration of an electronically-controlled

individually-addressable micro-LED array and indeed the first AllnGaN LED of any type
to be driven by CMOS.
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FIGURE 3.17: Longest and shortest output pulses obtained from a 370 nm emitting
CMOS-driven micro-LED array. Pulse widths are 47.9 and 1.1 40.18 ns, respectively.

It was found that the maximum output power from the micro-LED pixels was limited
by the performance of the CMOS driver. Sub-nanosecond optical output pulses could
not be obtained due to the large load capacitance of the micro-LEDs. However, bearing
in mind that this CMOS device was not designed for the purpose of driving micro-LED
arrays, then some limitation in performance was to be expected. Furthermore, despite
the limited performance of these devices they are still suitable for certain applications,
including a proof-of-principle demonstration of a single-chip time-resolved fluorescence

lifetime measurement system, as will be presented in section 4.3.

Following on from the analysis of these ‘first-generation” CMOS/micro-LED devices, a
new custom-designed 16 x 16 array of CMOS drivers was produced specifically for the
purpose of driving the individually-addressable micro-LED arrays and will be discussed

in the following section.

3.3 ‘Second-generation’ CMOS control chip

Following the success of the first-generation CMOS /micro-LED devices, a new custom-
designed ‘second-generation’” CMOS control chip was fabricated. For reasons to be dis-
cussed shortly, the second-generation CMOS devices all failed after flip-chip bonding to
micro-LED arrays, despite the CMOS chips fully functioning electrically prior to bond-
ing. A re-designed ‘third-generation’ chip was then fabricated to overcome the issue
of device failure and since it maintained virtually the same circuitry as the second-
generation chip, the circuitry design will be covered in the subsequent section. This
section will therefore summarise the physical layout of the second-generation chip, dis-
cuss the mechanisms behind the device failure and the modifications made to subsequent

chip designs to avoid these problems recurring.
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FIGURE 3.18: Top-down micrograph image showing the layout of the second-generation
CMOS chip. The main 16 x 16 array is circled in black, the ground ring in red, and
the wire-bond pads in green.

The second-generation CMOS design was implemented in a standard 0.35 pm CMOS
technology from Austria Microsystems, rather than a high voltage process as with the
previous design. The device consisted of four metal layers, the bottom three being used
for driver logic and signal routing, and the top layer being patterned into an array of
electrodes for connecting to the micro-LED array. The main electrode array consisted
of a 16 x 16 array of 100 x 100 um? electrodes, specifically chosen to exactly match the
layout of the 16 x 16 micro-LED arrays. In principle this provided every micro-LED
element in the array with its own driver, allowing for full control of all 256 micro-LEDs
in the array. A top-down micrograph image of a second-generation CMOS control chip
is shown in figure 3.18. In the centre of the chip, indicated by black dashes, is the main
16 x 16 array. It is surrounded by a ground ring, shown with red dashes in figure 3.18,
for connecting with the micro-LED n-contacts. Bonding pads, to allow the chip to be
bonded out to a chip carrier, are situated at the edge of the array and are highlighted

in green.

Early electrical tests indicated that the second-generation chips were operating fully as
expected. These tests were conducted prior to any flip-chip bonding process. However,
after subsequently bonding the CMOS devices to micro-LEDs a short circuit between

the global input voltage and global ground signals was observed for all arrays, causing
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the devices to fail. These signals are physically located on metal layers 3 and 4 (Metal 3
and Metal 4) on the CMOS chip. Figure 3.19 is a cross-sectional diagram of the second-
generation CMOS chip, showing the different metal layers and inter-metal dielectric
(IMD) insulating layers between them. A short circuit between Metal 3 and Metal
4 would indicate that IMD 3 was damaged during the bump-bonding process, causing
Metal 3 and Metal 4 to come into contact. Because the signals on Metal 3 and Metal 4 are
common to the whole array, one single short circuit caused by the bump-bonding process
would render the entire device inoperable, not just one driver element. One possible
explanation for why this chip failed during bonding, but the first-generation chip did
not, is that the top-most metal layer on this chip is only 925 nm thick, compared to 2800
nm on the first-generation chip. This extra thickness of top metal may have provided
extra mechanical strength. From this experience, it was concluded that placing circuitry
underneath bonding sites was a rather naive approach. Although placing circuitry under
bonding sites is possible [14], a more cautious approach was favoured for the re-designed
chip. As such, the third-generation CMOS chip provided dedicated stacks of metal with
no underlying circuitry and bonding sites. This approach proved successful and the

re-designed chip will be discussed in detail in the following section.

SizN, Passivation

SiO, Passivation

IMD3

IMD2

IMD1

Metal1 - Poly
Field Oxide

Field Oxide

N-MOS P-Substrate P-MOS

IMD = Inter-Metal Dielectric

FIGURE 3.19: Schematic cross section of the ‘second generation” CMOS device wafer.
Shorting between Metal 3 and Metal 4 was observed, indicating damage to inter-metal
dielectric 3 during the flip-chip bonding process. From [7].

3.4 ‘Third-generation’ CMOS control chip

After the experience of chip failure with the second-generation CMOS devices, a re-
designed chip was fabricated. It was fabricated in a 0.35 pm 5 V CMOS technology
from Austria Microsystems. The driver circuitry on the ‘third-generation’ chip was
virtually identical to that of the previous design. The key difference was that instead of

bonding onto the top metal layer of a multi metal layer stack, dedicated bond pads were
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FIGURE 3.20: (a) Schematic cross-section of ‘third-generation’ CMOS chip, showing
tungsten bond vias, and (b) micrograph image of a part of the actual CMOS chip
showing the dedicated bonding sites at the surface of the chip.

used instead. These dedicated bond pads consisted of tungsten vias, which propagated
vertically through the entire chip. Figure 3.20(a) shows a cross-sectional schematic of
the third-generation device, showing that the tungsten vias form a solid column of metal
through the chip. Bump bonds are placed on the top surface of the tungsten vias. Figure
3.20(b) shows part of the surface of the chip, highlighting the 100 x 100 pm? area of
the dedicated bonding sites. The advantage of these dedicated bonding columns is that
they provide excellent mechanical stability. However, since these bond pads each have a
footprint of 100 x 100 x#m?, and no circuitry can be routed through them or underneath
them, this leaves less room for the actual driver circuitry. As a consequence, the third-
generation CMOS device consisted of an 8 x 8 array of drivers, each with an overall area
of 200 x 200 pum. This contrasts with the previous chip, which had a 16 x 16 array of
drivers, each with an overall area of 100 x 100 pum. The layout of the third-generation
chip was chosen to match the layout of the 16 x 16 micro-LED arrays, however only
every second row and column of micro-LEDs could be connected to a CMOS driver, i.e.

3/4 of the micro-LED array area is not used.

A top-down micrograph image of one of the third-generation CMOS chips is shown in
figure 3.21. The main 8 x 8 array is shown with black dashes, with the surrounding
ground ring shown in red. Wire-bond pads are shown in green and are located at the
edges of the chip. The same flip-chip bonding procedure as the previous designs was
used for this third-generation chip. Table 3.1 summarises the physical and electrical

specifications of the CMOS chip.

The driver circuit implemented in the main 8 x 8 array is shown in figure 3.22. The
addressing circuitry is implemented using 3.3 V logic and is shown on the left. The

elements of the array are addressed in an identical manner to that described for the
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FIGURE 3.21: Optical micrograph image of the ‘third-generation’ CMOS chip.

TABLE 3.1: Summary of ‘third-generation” CMOS chip.

Chip dimensions 3.2 x 3.2 mm?
Array size 8 x 8
Driver pitch 200 pm
Maximum current (per driver) 236 mA
Maximum voltage 5V
Electrical pulse duration 0.3 to 48 ns
Internal clock range 7 to 800 MHz

first-generation device in section 3.2. All the driver input signals were based on 3.3 V
logic. The output of each driver is then subsequently level-shifted to the user-definable
LED_VDD, which can be up to 5 V. The signal Mode_Control controls the output mode
of the driver. When Mode_Control is high, the driver will follow Input_Sig. Input_Sig
can be a DC signal from the chip itself, an on-chip voltage-controlled oscillator (VCO),
or an external signal fed from off-chip. When Mode_Control is low the driver operates
in pulsed mode, and will generate a short electrical output pulse. The operation of the

VCO and the short pulse generation circuitry will be discussed in separate sections.

One key feature of the chip design is that the ground terminal of the micro-LED,
LED_GND, is physically separate from the ground of the main CMOS device, GND.
This means that by connecting the positive terminal of an external DC power supply to
GND, and the negative terminal to LED_GND, LED_GND can be shifted to be negative
with respect to GND. This effectively allows forward voltages of greater than the 5 V
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FIGURE 3.22: Driver circuit implemented in the main 8 x 8 array.

maximum that can be supplied by LED_VDD to be applied to the CMOS-controlled
micro-LEDs. For example, if LED_VDD =5V and LED_GND is biased with -2 V with
respect to GND, then the total forward bias across the micro-LED will be 5 — (=2) =7

V. This is an important feature, given the relatively high turn-on voltages of GaN-based
LEDs (cf. chapter 2).

The CMOS chip also contains a voltage-controlled oscillator (VCO), capable of supplying
a clock signal to the other circuitry. The principle of operation the VCO will be discussed
in further detail in section 3.4.1. As well as being directly driven by the VCO, each of
the 8 columns in the main array was capable of using the output from an on-chip linear
feedback shift register (LFSR) as their input. The LFSRs provide pseudo-random bit
patterns, mimicking data, a feature intended for testing the optical data transmission
capabilities of the arrays. A final on-chip circuit which could be used to provide inputs
to the CMOS drivers was a short pulse generation circuit. The operation of this circuit
is somewhat different to that of the first-generation chip and will be discussed in section
3.4.2.

A key feature of several of the CMOS driver sub-circuits to be discussed is the ability to
control the transition time of a logic gate, i.e. the time it takes for the gate to change
output logic levels. NMOS and PMOS transistors have depletion capacitances between
their source and drain wells and the main body of the substrate, and the time taken
for these capacitances to charge/discharge essentially defines the transition time of the
transistors. By controlling how much current can flow through the source and drain,
we may control the time these depletion capacitances take to charge or discharge, and
hence we may control the transition time of logic gates. Controlling the transition times
of logic gates in this manner is achieved in the third-generation CMOS chip by use of
a ‘current-starving’ transistor. An example of a current-starving transistor being used
to control the flow of current through an inverter is shown in figure 3.23. Recalling

from section 3.1.1 that the current that can flow through the source-drain path of a



Chapter 3. CMOS-controlled micro-LED arrays 91

vdd

Vss

FIGURE 3.23: Example of a current-starving transistor (red) used to control the flow
of current through an inverter.

transistor is dependent on the gate voltage, then by varying the voltage Vi in figure
3.23 the current that can flow between the source-drain terminals of each transistor can
also be controlled. In this manner, the transition time of the inverter can be controlled

by controlling the voltage, V.

As shown within blue dashes in figure 3.21, to one side of the main array is a 2 x 8
array of ‘test cells’. A schematic layout of the test cells is shown in figure 3.24. The test
cells were on a 100 pm pitch, allowing them to be bonded to section of an existing 16
x 16 micro-LED array. The cells consisted of different designs of drivers than the main
array, having bond pads of 25, 35 and 50 pm in diameter, respectively. The purpose of
the test cells was to investigate whether bond pads with smaller area could be used in
future designs. Smaller bond pads would allow the pitch of the drivers to be reduced
and/or allow additional circuitry to be added to each driver. A micro-LED array was
sucessfully bump-bonded to all of the CMOS drivers in the test cell array, indicating
that bonding micro-LEDs to smaller CMOS bond pads was feasible. As a result, for the
subsequent fourth-generation CMOS design, the bonding pads for each CMOS driver
were shrunk from 100 x 100 gm? to 50 x 50 um?. The reduction in area required for
bond pads allowed the fourth-generation array to be scaled up to a 16 x 16 array on
a 100 pm pitch, as compared to the third-generation CMOS 8 x 8 array on a 200 pum
pitch.

3.4.1 Voltage-controlled oscillator (VCO)

A voltage-controlled oscillator was included to provide an on-chip clock, capable of
supplying a clock signal to the other circuitry. The advantages of generating a clock
signal on-chip include removing the need for e.g. an off-chip crystal oscillator, potentially
reducing system complexity and cost. Due to the capacitance associated with device

packaging and bonding wires, it is also not trivial to generate high frequency clock
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FIGURE 3.24: Layout of the test cell array.
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FiGURE 3.25: Circuit diagram of a ring oscillator.

signals off-chip and supply them to the device, making on-chip generation of high-speed

clock frequencies preferable.

The VCO used in this case is known as a ‘ring oscillator’, a simple example of which
is shown in figure 3.25. It can be seen that the output of each of the three inverters is
connected to the input of the next inverter in the loop. If the output of the first inverter
is 0, the output of the next will be 1, and the output of the third will be 0 which will
force the first inverter to 1 causing the cycle to repeat indefinitely. Assuming that the
inverters are identical, then the output of the ring oscillator will be a square wave with
a 50% duty cycle. The frequency of the ring oscillator output will be determined by the
propagation delay through each inverter, in other words by the length of time it takes

for the output logic level transitions of the inverters.

The frequency of the VCO operation is given by the equation [10]:

1

fosc - n (tlh +thl)

(3.2)

where t;;, and ty; are the low to high and high to low logic level transition times, and n

is the number of transistors in the ring oscillator.

The ring oscillator on board the third-generation CMOS chip is voltage-controlled (mak-

ing it a VCO) by the implementation of current-starving transistors. A voltage, denoted
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VCO_VBIAS, is controlled off-chip. VCO_VBIAS is the gate voltage to the current
starving transistors within the ring-oscillator. By adjusting the gate voltage of these
current starving transistors the transition times of the inverters, and hence the VCO
output frequency, could be controlled. The output frequency of the VCO could option-
ally be divided by 0, 4, 16 or 64 times using a digital divider circuit. The core frequency
of the VCO could be varied from approximately 450 to 800 MHz, with 7 MHz being
the lowest frequency obtainable by use of the 64 times digital divider. An SMA port
on the driver board was available, which allowed the VCO output to be monitored for

triggering and synchronisation purposes.

3.4.2 Pulse generation circuity

As with the previous designs, each driver was capable of generating sub-nanosecond
output pulses. A simplified circuit diagram and timing diagram is shown in figure 3.26
[15]. The input signal, Input_Sig, is a digital input that triggers the optical pulses.
The source of this input can be an external trigger, or it may be the internal VCO clock
output. In the example in figure 3.26, Input_Sig is a digital square wave with a 50% duty
cycle. Input_Sig is fed directly to one of the input terminals of a two-input NAND gate.
Input_Sig is also fed into an inverter, whose output Inv_Input_Sig is fed to the other
terminal of the NAND gate. Because of the finite propagation delay through the inverter,
Inv_Input_Sig is delayed with respect to Inv_Input, as indicated by the red lines in figure
3.26. Due to this delay there is a short period, equal to the propagation delay through
the inverter, where both Inv_Input and Inv_Input_Sig are equal to logic 1. Recalling
the NAND gate truth table from figure 3.6, it is evident that short electrical output
pulses from the NAND gate will occur with the same frequency as the input trigger,
Input_Sig, with a pulse width that is determined by the propagation delay through the
inverter. The pulsed NAND gate output is used to provide the pulsed electrical input
to the micro-LED pixels.

The inverter shown in figure 3.26 also has a current-starving transistor, labelled M1 in
the circuit diagram shown in figure 3.22, which allows the propagation delay through
this inverter to be controlled by an off-chip bias voltage. By adjusting the gate voltage
to this current-starving transistor between approximately 0.9 to 3.2 V, the electrical

pulses can be adjusted between approximately 250 ps to 40 ns.

3.4.3 Driver board and interface

In order to drive this generation of CMOS-controlled micro-LED array, a test board was

developed. This board is shown in figure 3.27. On the main motherboard are a bank
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FIGURE 3.26: Circuit and timing diagrams of the sub-nanosecond electrical pulse gen-

erator.

FIGURE 3.27: Photograph of the driver board used for testing the CMOS-controlled
micro-LEDs. Attached to the motherboard is the FPGA board (cyan dashes), the
daughter card (white dashes) and the CMOS/micro-LED chip itself (yellow dashes).
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of variable resistors, which can be seen on the left side of the board in figure 3.27. The
variable resistors can be adjusted by the user in order to determine the main control
voltages applied to the CMOS chip which are used to define the micro-LED forward bias,
the VCO clock frequency and the optical pulse duration. A field-programmable gate
array (FPGA) module (Opal Kelly, XEM3010-1500P) is attached to the motherboard
(cyan dashes in figure 3.27). The FPGA module interfaces with a computer via a
universal serial bus (USB) interface in order to receive instructions from the operating
software. The software interface allows the user to control which elements are addressed
and the operating mode of the array (DC, pulsed, etc.). The FPGA board also powers
the CMOS-controlled micro-LED array using the power supplied from the computer USB
port, meaning that no external power supply is needed to power the device. The daughter
card, shown by white dashes in figure 3.27, maps the input signals from the main board
to the appropriate pins on the CMOS chip, and also provides several input/output SMA
ports which can be used for purposes such as trigger inputs/outputs to/from the CMOS
device. For subsequent designs of CMOS chip the same motherboard/FPGA board is
used, and only a re-designed daughter card is required to take into account the different

pin layout.

3.4.4 Device performance

Micro-LED devices of various peak emission wavelengths, of both 16 x 16 and 8 x 8
format, were successfully bonded to the third-generation CMOS device. All devices were
observed to work both electrically and optically, indicating that the chosen approach
of providing dedicated bonding pads for flip-chip bonding the CMOS and micro-LED
devices was successful. A micrograph image of a simple output pattern from a 370 nm-
emitting CMOS/micro-LED device is shown in figure 3.28, along with a screenshot of
the graphical user interface (GUI) used to control the settings of the device.

One major limitation of the first-generation CMOS device was the low current (< 5 mA
DC) that could be supplied to each micro-LED, which in turn severely limited the optical
output powers that could be achieved per pixel. The current delivering capabilities of
the third-generation device was designed to be much greater. The DC L-I characteristics
from pixels from three CMOS/micro-LED devices are given in figure 3.29. Each pixel
is 72 pm in diameter, from 16 x 16 micro-LED arrays with peak emission at 370,
405 or 450 nm, respectively. It can be seen that the third-generation CMOS drivers
can provide > 100 mA of DC current to a single micro-LED pixel. For these devices,
maximum DC output powers of 0.75, 0.58 and 4 mW were obtained for the 370, 405 and
450 nm devices, respectively. At 20 mA, the respective values were 0.44, 0.31 and 1.31

mW. The L-I characteristic the 450 nm-emitting device is similar to that of an identical
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FIGURE 3.28: (a) Output pattern from a 370 nm peak emission 16 x 16 micro-LED
array bonded to a third-generation CMOS control chip and (b) the GUI used to control
the device.

‘bare’ micro-LED, as presented in section 2.3.2. However, the maximum output of the
405 nm device is ~45% less than for a similar bare micro-LED pixel. This has been
attributed to damage to the micro-LED pixel caused during the bump-bonding process.
Conversely, the 370 nm-emitting pixel bonded onto CMOS is seen to deliver more than
double the output power from the CMOS-controlled pixel compared to an identical bare
pixel. In addition, the CMOS-bonded pixel was able to withstand up to 90 mA of DC
current before failure, compared to ~30 mA for an identical bare pixel. This enhanced
performance is tentatively attributed to improved thermal management due to the gold

bump-bond and CMOS substrate acting as a heat-sink for the micro-LEDs.

One of the possible limitations on the output power from each CMOS-controlled micro-
LED pixel is the maximum forward bias voltage that can be applied to the micro-LEDs.
There exists a limitation on how far LED_GND can be shifted w.r.t. GND due to
electrical crosstalk within the chip. The origin of the crosstalk issue can be understood
by examining the micro-LED driver circuit shown in figure 3.30. The signal LED_GND
is common to every micro-LED pixel within the array, and the ‘top rail’ (p-contact)
of each unaddressed micro-LED pixel is 0 V. If LED_GND is shifted sufficiently below
GND, then all micro-LEDs in the array can effectively be forward biased above their
threshold voltage, whether or not they have been addressed. In order to prevent this
unwanted scenario, LED_GND must not exceed -2 to -3 V. Figure 3.30 shows that
it is possible for a parasitic current path to flow through the NMOS transistor when
LED_GND is sufficiently negative. Figure 3.31 shows the effect the issue of crosstalk

has on the operation of an actual device. Moving from left to right, each image shows
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FI1GURE 3.29: L-I characteristics of individual 72 pym diameter CMOS-controlled pixels
emitting at 370, 405 and 450 nm, respectively.
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F1cURE 3.30: Circuit diagram illustrating the origin of electrical crosstalk. Current

is able to flow through the NMOS transistor and unaddressed micro-LEDs along the

parasitic path from GND to LED_GND when the effective forward bias on the micro-
LEDs exceeds the turn-on voltage.

the effect of LED_GND being progressively shifted from 0 V to -4 V. When LED_GND
= 0 V, only one addressed pixel emits light. However, the remaining unaddressed pixels
progressively emit more light as LED _GND is shifted to -4 V w.r.t. to GND. This issue

can be remedied by blocking the parasitic path for array elements which have not been
addressed.

It is important to note that the L-I’s shown in figure 3.29 represent the ‘best’; or bright-
est pixel from each particular array. Because the third-generation CMOS chip drives the
micro-LEDs using voltage, rather than by controlling current as with the first-generation

device, relatively small changes in micro-LED series resistance can result in fairly large
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F1GURE 3.31: Optical micrograph image showing the electrical cross talk in a CMOS-

controlled micro-LED array. From left to right LED_GND is being progressively shifted

from 0 V to -4 V in 1 V increments, causing unaddressed micro-LED pixels to emit
light.

differences in current for a given forward bias voltage. The output power uniformity of
each array, which shows the output power from each micro-LED in the array for a fixed
forward bias voltage, is shown in figure 3.32. It reveals that the devices are not partic-
ularly uniform - some pixels can be almost three times brighter than their neighbours.
This non-uniformity has been attributed to variations in the flip-chip bonding process
from pixel-to-pixel, and could be improved in future by optimising the bonding process
and/or the bonding areas on the micro-LEDs or possibly by bonding the micro-LED
and CMOS devices using a different bonding technique. Despite these non-uniformities,
the vast majority of bonded micro-LEDs were observed to work and the devices are
still suitable for applications where high uniformity across the array is not of critical

importance.

Section 3.4.2 discussed the design of the CMOS short-pulse generation circuitry. Each
driver in the CMOS array is capable of producing electrical pulses ranging from =250
ps to 40 ns. The current starving NMOS transistor, labelled M1 in figure 3.22, is
controlled by a voltage named VBMC2. By tuning VBMC2 off-chip, the user is able
to tune the electrical input pulse width to the CMOS driver array. The relationship
between VBMC2 and the optical pulse width for a 72 pm diameter, 370 nm-emitting
CMOS /micro-LED pixel is shown in figure 3.33. The optical pulses were measured using
the time-correlated single-photon counting (TCSPC) technique, to be discussed in detail
in section 4.2. In this instance, LED_VDD = 4.88 V, and LED_GND = 0 V. This graph
shows that the optical pulse width can be tuned from 40 ns to ~0.46 ns, +0.18 ns. The
measurement error is based on the transit time spread of 180 ps from the PMT used in
the measurements (Becker & Hickl, GmbH, PMH-100). Shorter pulses are achieved by
increasing the gate voltage on the NMOS starving transistor that controls the optical
pulses widths, allowing more current to flow through the inverter shown in figure 3.26
and thus increasing its transition speed. Eventually, increasing VBMC2 does not result
in an increase in current flow as the current starving transistor is saturated, i.e. it cannot

allow any more current to flow. This means that for VBMC2 voltages greater than = 2
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F1cURE 3.32: Output power uniformity of CMOS-controlled micro-LED arrays emit-

ting at (a) 370 (b) 405 and (c) 450 nm. The colour scale represents intensity in arbitrary

units, with red being high. Each pixel in each array is driven with the same forward
bias voltage and in DC operation.
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FIGURE 3.33: Optical pulse width versus pulse control voltage, VBMC2. Micro-LED
pixel peak emission is 370 nm, diameter 72 um. LED_VDD = 4.88 V, LED_GND = 0
V. Estimated 180 ps timing error due to transit time spread of PMT.

V, the optical output pulse of from the micro-LED does not decrease, as can be seen in
figure 3.33.

The fall time of the micro-LED optical pulses are generally determined by the spon-
taneous minority carrier recombination lifetime within the micro-LED quantum wells.
However, reverse-biasing the micro-LED in the off-state can reduce the fall time of the
optical pulse. When the device is reverse-biased, free carriers within the quantum wells
can be ‘swept out’ of the active region by the applied electric field in a time that is
shorter than the minority carrier recombination lifetime. This means that the fall time
of the micro-LED can be determined by the carrier sweep-out time, rather than the
comparatively slower minority carrier recombination time, resulting in shorter optical
pulses. Since LED_GND is separate from GND, the third-generation CMOS device al-
lows the principle of carrier sweep-out to be used to reduce the fall-time and FWHM of
the micro-LED optical pulses. Figure 3.34 shows the effect of changing LED_GND on
the optical pulse duration from a single 72 pm diameter 450 nm-emitting micro-LED
pixel. Reverse-biasing the micro-LED in the off-state (LED_GND = +1 V) reduces the
pulse width to 0.92 ns, compared to 1.5 ns when the micro-LED is forward-biased in the
off-state (LED_GND = -1 V). The shortest optical pulses from micro-LEDs driven by
the third-generation CMOS device were obtained using the carrier sweep-out technique.
The shortest pulses obtained from 72 pm diameter micro-LED pixels were 300, 640 and
820 +180 ps FWHM, for 370, 405 and 450 nm-emitting micro-LEDs, respectively. The
shortest optical pulse obtained, from the 370 nm-emitting device, is presented in figure
3.35. With sub-nanosecond optical pulses being obtained, the pulsed performance of the
third-generation device represents a significant improvement on the performance of the

first-generation device.
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F1GURE 3.34: Optical pulse width versus LED_GND. It can be seen that although

the same forward bias is applied to the micro-LED in each case, reverse biasing the

micro-LED after the initial electrical input pulse reduces the optical turn-off time by
sweeping carriers out of the active region.
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FiGure 3.35: TCSPC histogram illustrating a 300 & 180 ps optical pulse from a 370
nm-emitting micro-LED pixel.

As mentioned previously, an on-chip VCO can be used to provide a square-wave input
signal for driving the micro-LEDs, and the VCO output can also be used as a clock for
triggering the short-pulse and LFSR circuits. Figure 3.36 shows the optical output from
a single 72 pm diameter pixel from a CMOS-controlled micro-LED array as measured
by a PMT (Hamamatsu H5783P), with the CMOS driver in four different modes of
operation. Figure 3.36(a) shows the square wave output when the CMOS driver is
triggered by the VCO output. Figure 3.36(b) shows the pseudo-random optical output
when the VCO output is used to drive the on-chip LFSR, which in turn is used as the
input signal to the CMOS drivers. Figures 3.36(c) and (d) show the pulsed VCO-driven
and pulsed-LFSR modes of operation, respectively. The VCO clock frequency for each
case is 10 MHz.

For some potential applications of the CMOS-controlled micro-LED devices, such as
time-resolved fluorescence measurements or optical communications, the maximum mod-
ulation frequency or pulse repetition rate that the devices can achieve can be important.

The on-chip VCO has a maximum frequency of approximately 800 MHz. However, the



Chapter 3. CMOS-controlled micro-LED arrays 102

(a) 10 ‘ ‘ ‘ ) (b) oo

0504 - - -]

Intensity {a.u.)
Intensity (a.u.)

0264 - |

L T T LI 1 0.00 T ¥ T 1
0.0 1.0x107 2.0x107 3.0x107 4.0x107 5.0x107 uy 3.0x10°  4.0x10°  5.0x10°

Time (s) Time (s)
(C) 1.00 4 (d) 1.00

T
2.0x10°

075+4---:-- e O B R B | ) Ep e

0504 - - {e-b- ]tk R R

Intensity (a.u.)
Intensity (a.u.)

07230 N ) A O R | A S A JAO O - N

1) iy o e o

‘ ‘ ‘ ; ‘ 560 nlk_w"l " r‘ 3 A' ok rw ‘..l L ur. L |I

0.0 1.0x107  20x107  3.0x107  4.0x107  5.0x107 0.0 1.0x10°  20x10°  3.0x10°  4.0x10°  5.0x10°
Time (s) Time (s)

0.00 -+

FIGURE 3.36: Optical output pulse trains, as measured using a PMT, of a 405 nm, 72

pm CMOS-controlled micro-LED with drive signals provided by (a) on-chip VCO, (b)

on-chip LFSR, (¢) VCO under pulsed mode and (d) LFSR under pulsed mode. VCO
frequency for all figures is 10 MHz.

output of the on-chip VCO is loaded with all 64 CMOS driver elements in the array.
This large load capacitance means that the signals that the VCO can deliver to the
CMOS drivers are lower in bandwidth than the core VCO clock frequency. The opti-
cal modulation bandwidth of CMOS-controlled micro-LEDs was analysed by measuring
the amplitude of the optical square-wave output from a single pixel, when driven by the
VCO input signal, as a function of VCO frequency. The amplitude versus frequency mea-
surement from a CMOS-controlled 450 nm-emitting pixel, of 44 pm diameter is shown
in figure 3.37. For this measurement, LED_VDD = 3.3 V, and LED_GND = -4 V.
The amplitude was measured using a fast amplified photodiode (Newport 818-BB21A)
and a sampling oscilloscope. The VCO frequency was measured by observing the VCO
electrical output directly from an output SMA socket. An estimated systematic error
of 10% in measuring the output amplitude is assumed, due to difficulties in manually
measuring the irregular square-wave pulse shapes. The frequency response (amplitude
versus frequency) of the pixel, P(w), and the bandwidth, fsyp, of the pixel are defined
as follows [16]:

Plw) = m _ % (3.3)
f3aB = 27T\/§T (3.4)

The above equation for P(w) was used for a non-linear least squares fit to the measured
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data. The corresponding modulation bandwidth of the pixel was found to be 113 MHz.
As will be discussed in section 5.2, the frequency response of a similar ‘bare’ micro-LED
is in excess of 400 MHz, thus it is reasonable to conclude that the modulation bandwidth
observed in this case is limited by the design of the CMOS device rather than the micro-
LEDs. An external signal could be used to drive the micro-LEDs instead of the VCO,
however this method would encounter similar problems in routing high-frequency signals
to the driver array. A more careful design utilising a VCO output ‘clock tree’ may allow

higher modulation bandwidths to be obtained.
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F1cURE 3.37: Frequency response of a 450 nm-emitting CMOS-controlled micro-LED

pixel. Measured data shown in black, fitted curve shown in red. Estimated 10% sys-

tematic error. LED_VDD = 3.3 V, and LED_GND = -4 V. Estimated bandwidth is
113 MHz.

3.4.5 Discussion

The performance of the third-generation CMOS device was a significant improvement
on that of the previous two devices. Providing dedicated bonding pads on the CMOS
chip solved the chip failure problems that were seen with the second-generation device.
Considerably shorter, sub-nanosecond optical pulses were obtained and much higher
optical output powers were achieved using the third-generation device, indicating that
the driver design represented a significant improvement on the performance of the first-
generation drivers. These shorter, more intense optical pulses make the third-generation
devices better suited to time-resolved fluorescence lifetime measurements. A fluorescence
lifetime measurement system implementing a third-generation CMOS-controlled micro-

LED device will be presented in section 4.4.
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Several issues were identified with the third-generation device which were taken into
consideration when a new ‘fourth-generation’ chip was designed. Although a detailed
discussion about the design and performance of the fourth-generation device is beyond
the scope of this thesis, it has been shown to be a further improvement on the third-
generation device shown here. Smaller bond pads, of 50 x 50 pm have been used with
the fourth-generation device, allowing the driver array to be scaled up to a 16 x 16
array on a 100 pm pitch. The electrical crosstalk issue has been solved by the addition
of an extra PMOS transistor to each driver, preventing unaddressed micro-LEDs from
being forward-biased. Finally, a ‘clock-tree’ allows for high-speed signals to be routed
to all the drivers in the array, such that the frequency response of the micro-LEDs is no
longer limited by the CMOS drivers themselves. Results taken recently with this CMOS

chip are described in the Conclusions, chapter 6.

3.5 Applications of CMOS-controlled micro-LED arrays

The independent computer control of individual pixels in the CMOS/micro-LED de-
vices presented in this chapter make these devices particularly useful for a number of
applications. Chapters 4 and 5 describe full investigations in the areas of time-resolved
fluorescence measurements and optical communications, respectively. Here, we briefly
discuss some other applications. One such application is for mask-free photolithogra-
phy. A mask-free photolithography system utilising the third-generation driver chip is
shown in figure 3.38 [17]. The CMOS-controlled micro-LED array used in the mask-
free photolithography system has a peak emission wavelength of 370 nm, designed to
emit light close to the i-line emission (365 nm) from mercury lamps typically used in
conventional photolithography. Microscope objectives were used to collect the emission
from the micro-LED array and subsequently image it onto the photoresist sample, giving
spot sizes of as small as 8 ym in diameter at the sample surface. The micro-LED pixels
were 72 pm in diameter, but by 10:1 de-magnification of the pixel output smaller spot
sizes could be imaged on to the photoresist surface. Changing the output pattern from
the micro-LED array and/or moving the photoresist sample by use of a piezoelectric
positioning stage allowed patterns to be exposed into the photoresist without the need
for an expensive hard lithography mask. Using this system, features were written into
photoresist with dimensions of ~10 um, as shown in figure 3.39. As can be seen in fig-
ure figure 3.39, very well-defined and uniform features can be exposed into photoresist.
Typical exposure rates of 100 pm/s were required to write channels into photoresist, or
~40 s to expose the features seen in figure 3.39. More recently, using smaller micro-LED
pixels, features down to 500 nm in diameter have been achieved using this system. Full
details of this work has been published [17].
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FIGURE 3.38: Mask-free photolithography system incorporating a 370 nm-emitting
CMOS-controlled micro-LED array. From [17].
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FIGURE 3.39: (a) Micrograph image showing an array of exposed dots in photoresist,
each with a diameter of ~9 pum. (b) Oblique SEM image of the same array, showing
well defined sidewalls and good dot-to-dot uniformity. From [17].

This system could in principle operate with a matrix-addressable device, however, the
raster-scanned nature of the matrix-addressed device output means that each pixel in
the array may only be operational for a fraction of the time, resulting in longer exposure
times being required. The use of the CMOS-controlled individually addressable array
overcomes this issue. Furthermore, if the CMOS device is operated in pulsed mode it
allows the photoresist exposure dose to be very finely controlled by virtue of the control

the user has over the optical output pulses.

Another demonstrated application of the CMOS-controlled micro-LED devices is for
opto-electronic tweezing (OET). This is a technique that uses a light patterned pho-
toconductor to provide real time control over the positioning of electric fields for the
micro-manipulation of cells and other particles. The ability to manipulate micro-objects
in is essential for numerous cell biology experiments, such as cell sorting. A schematic
of an typical OET system is shown in figure 3.40. The system consists of a liquid layer,
containing the particles to be trapped, in between two ITO electrodes. One electrode is
coated with a photoconductive layer of amorphous silicon (a-Si). An AC signal is applied
between both electrodes. In the dark state, the a-Si layer is highly resistive, so most of
the AC voltage is dropped across this layer. However, if the a-Si is illuminated, its resis-

tance can drop dramatically. In this case, the voltage is then dropped across the liquid
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FIGURE 3.40: Schematic of the OET device: a) in the dark state no voltage is dropped

between ITO electrodes; b) under localised illumination, the impedance of the photo-

conductive layer, a-Si, reduces dramatically and the voltage is then dropped across the

liquid layer in the proximity of the illumination. This generates a non-uniform electric
field for tweezing.

layer. An electric field will exist in the liquid layer in proximity to the illuminated a-Si,
thus by creating a non-uniform illumination of the a-Si layer, a non-uniform electric field
can be generated in the liquid layer for trapping particles. Reported OET systems use
digital micro-display (DMD)[18] or liquid crystal displays (LCDs)[19] to create the light
patterns, which are bulky and relatively expensive. The alternative approach of using
a micro-LED array provides a much more compact pattern-programmable light source
for OET. An integrated micro-LED/OET system has great potential as a portable and

low-cost micromanipulation device.

In the micro-LED/OET system we demonstrated, a 520 nm peak emission wavelength
CMOS-controlled micro-LED array was used as the pattern programmable light source.
Micro-LED CW output powers of up to 300 uW were used during tweezing. A low-
cost lens was placed between the micro-LED device and the 300 nm thick a-Si layer to
image (1:1) the micro-LED emission. Successful tweezing of both 10 pm polystyrene
beads (in low-concentration KCI solution) and Chinese Hamster Ovary (CHO) cells (in
an isotonic sugar solution) have been achieved. Figure 3.41 shows the CHO cells that
have been selectively trapped in the area illuminated by several micro-LED pixels [20].
Particles in solution could be attracted towards the illuminated spots from hundreds of

microns away, at velocities of up to 4 ym s=!.

Once again, the ability to operate an
array of micro-LED pixels in true DC output is an advantage of the CMOS-controlled
micro-LEDs over their matrix-addressable counterparts. Further details on this work

have recently been reported [20].

3.6 Summary

In this chapter, the performance of various iterations of CMOS-driven, individually-

addressable micro-LED arrays has been presented. In section 3.2 a ‘first-generation’ 16
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50 um

FIGURE 3.41: Opto-electronic tweezing of cells, using pixels from a third-generation
520 nm-emitting CMOS-controlled micro-LED as the light source.

x 4 array of CMOS drivers, with integrated SPADs, was shown to be capable of driving
micro-LED pixels. Although there were limitations in the optical output power and the
minimum optical pulse duration, this device is still suitable for practical applications.
A proof-of-concept single-chip time-resolved fluorescence measurement system will be

shown in section 4.3 which uses the first-generation CMOS/micro-LED device.

A custom-designed ‘second-generation” CMOS device was introduced in section 3.3. Al-
though this device was found to work electrically, after flip-chip bonding to micro-LED
arrays these devices were found to have failed. The cause of failure was identified as two
CMOS metal layers being damaged and shorting together during the bonding process.
A re-designed ‘third-generation’ chip was thus developed, which used the same driver
circuitry as the second-generation chip, but used dedicated bonding pads to prevent
damage to the chip during bonding. This approach proved to be successful. The third-
generation chip was shown to be capable of producing sub-nanosecond optical pulses,
which could be shortened by reverse-biasing the micro-LEDs in their off-state. Optical
output powers from the micro-LEDs were found to be up to 4 mW from a single 72 ym
diameter pixel, though a potential limit to the output power per pixel was identified as
coming from electrical crosstalk when LED_GND was biased too far below GND. The
modulation bandwidth of the CMOS-controlled micro-LEDs was found to be approx-
imately 113 MHz when driven using the on-chip VCO. This bandwidth is below that
of the fundamental micro-LED bandwidth indicating that this response is limited by
the CMOS drivers rather than the micro-LEDs. The limitations of the third-generation
chip were identified and corrected for a subsequent ‘fourth-generation’ design, which
was briefly introduced. The fourth-generation chip, whilst not covered in detail in this
thesis, has been shown to solve the electrical crosstalk issue, to have a higher modulation
bandwidth and to have scaled up the main driver array from 8 x 8 on a 200 pm pitch

to a 16 x 16 array with a 100 gm pitch.
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Chapter 4

Micro-LEDs for time-resolved
fluorescence lifetime

measurements

In this chapter, the application of micro-LED arrays to time-resolved fluorescence life-
time measurements is presented. The first section summarises the principles of fluores-
cence, why fluorescence measurements are of interest and which equipment is commonly
used for fluorescence excitation and detection. The motivations for implementing micro-

LEDs as fluorescence excitation sources is also discussed.

The following section briefly introduces the principle of time-correlated single-photon
counting (TCSPC), which is the most commonly used time-domain fluorescence lifetime
measurement technique. The final two sections describe two different TCSPC systems
based on CMOS-controlled micro-LEDs, which are demonstrated to allow the fluores-
cence lifetimes of some quantum dot and light-emitting polymer samples to be accurately
determined. These demonstrations represent proof-of-principle demonstrations showing
the capability and potential of micro-LED arrays for use in fluorescence lifetime mea-

surements.

4.1 Overview of fluorescence measurements

4.1.1 Steady-state and time-resolved measurements

Fluorescence measurements involve analysing a luminescent sample, or a sample that

has been stained with a luminescent dye, under optical excitation from an external

110
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source. Information from the sample can be ascertained by examining the properties
of the fluorescence emission. There are thousands of known fluorescent probes, so it is
impractical to list all of them here. The fluorescent probes may, however, be divided
into two basic catagories, intrinsic and extrinsic fluorophores. Intrinsic fluorophores
occur naturally within the sample of interest, for example aromatic amino acids within
proteins and chlorophyll in plants. Broadly speaking, intrinisic fluorophores generally
have absorption maxima in the UV or near UV. Extrinsic fluorophores on the other hand
are probes which are added to a sample of interest when no intrinsic fluorescence exists,
or when the spectral properties of the sample must be altered. Examples of commonly
used extrinsic fluorophores are fluorescein and rhodamine dyes. Over the last 12 years,
colloidal quantum dots have also been increasingly utilised as novel fluorophores for
labelling biological cells [1]. The excitation wavelengths of extrinsic fluorophores can
range from the UV to the IR. From this, it can be seen that the emission wavelengths
of AllnGaN LEDs are suitable for excitation of the majority of common fluorescent

samples.

Fluorescence measurements can be grouped into two categories, namely steady-state and
time-resolved measurements. Steady-state measurements are the most common and are
relatively straightforward. The sample is continuously illuminated and the property of
interest such as the emission spectrum or fluorescence intensity is also measured continu-
ously. Time-resolved measurements are also fairly common. These measurements involve
analysing the fluorescence lifetime, 7, of the sample. The concept of the fluorescence
lifetime, 7, and the processes involved in absorption and emission of light was discussed
in relation to organic semiconductors in chapter 1, section 1.4.1, and applies more gen-
erally to fluorophores used in time-resolved measurements of e.g. biological samples.
Because 7 typically ranges from 1078 to 1079 s time scales, time-resolved measurements
require considerably more complicated equipment and techniques than the relatively sim-
ple steady-state measurements. However, these more complicated measurements have
several advantages over their steady-state counterparts. The steady-state fluorescence
intensity, for example, is highly sensitive to the sample quantity, sample concentration,
sample distribution, the instrumental setup and scattered light, making quantitative
measurements difficult. On the other hand, because the fluorescence lifetime is indepen-
dent of sample volume and concentration, time-resolved measurements are much more
robust and are capable of measuring subtle changes in the sample. Time-resolved mea-
surements can distinguish a mixture of two samples with overlapping emission spectra
but different fluorescence lifetimes, something which would be impossible using steady-
state techniques. Furthermore, the fluorescence lifetime of a fluorophore is dependent on

its local environment, so measuring 7 can provide insight into many of the properties of
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the sample such as its local pH [2], the local viscosity [3] and the structural conformation

of macromolecules such as proteins [4].

Time-resolved measurements can be further sub-divided into two general groups, time-
domain and frequency-domain measurements, both of which are in widespread use. Fig-
ure 4.1 illustrates the principle behind time-domain measurements. In time-domain
measurements, the sample to be analysed is excited by a pulse of light, which (in the
ideal case) has a pulse duration that is much shorter than the fluorescence lifetime of the
sample itself, such that the excitation pulse can be considered a delta function. The flu-
orescent sample will emit light in response to this excitation pulse. The time-dependent
intensity of the fluorescence emission at time ¢, for a simple mono-exponential decay is
given by:

I(t) = Iyexp =™ (4.1)

where Ij is the intensity at ¢ = 0 (the intensity of the delta-function excitation pulse).
Time-resolved measurements aim to capture I(t) in order that a value for 7 can be ex-
tracted. In practical measurements, the excitation pulse is too wide to be considered a
delta function, so the measured curve is a convolution of the excitation pulse and the
emission from the sample. De-convolution allows I(%) to be obtained. The non-linear
least squares (NLLS) [5] method is most commonly used to test whether a particular
mathematical model provides an accurate representation of the measured data and to
determine the fitted parameter values (including 7) which provide the best fit to the
data. NLLS fitting software aims to achieve this by finding a ‘best fit’ to the data
by finding parameters which minimise the goodness-of-fit parameter, x2. In an ideal
case x2 should equal unity and a plot of the standard deviation residuals can highlight
any problems with the fit. The most commonly used form of time-domain measure-
ment, time-correlated single-photon counting (TCSPC), will be covered in more detail

in section 4.2.

Frequency-domain measurements use an intensity modulated light source to optically
excite the sample. The frequency of the modulation of the excitation light is typically
around 100 MHz. Because of the time lag between the absorption and emission processes,
there will be a phase shift, ¢, and an intensity de-modulation, m, of the fluorescence
emission relative to the excitation source, which will be a function of frequency, w, and
of the fluorescence lifetime of the sample. Frequency-domain measurements will not be
covered in detail in this chapter, although the theory will be covered in more detail in
section 5.4.1. It is reasonable to say that frequency-domain measurements use a simpler
technique and simpler measurement instrumentation, so if time-domain measurements
can be demonstrated using micro-LEDs, then frequency-domain measurements should

be feasible using the same, or similar, equipment.
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FIGURE 4.1: Illustration of time-domain measurements.

4.1.2 Instrumentation for time-resolved fluorescence measurements

Broadly speaking, time-resolved fluorescence measurements have three major sub-systems:
a pulsed or modulated light source to optically excite the sample, a detector to measure
the resulting fluorescence, and some electronics to record and analyse the fluorescence
lifetime data. Time-domain measurements require a pulsed light source, with a pulse
duration which is as short as possible, ideally much shorter than the fluorescence de-
cay time, 7, of the sample. Early time-domain measurements in the 1970s commonly
used coaxial flashlamps. However, these lamps have some drawbacks, most significant
of which is the low pulse repetition rate which is typically 20 kHz [6]. This means that
a decay curve with 500,000 counts could take up to 40 minutes to accumulate. As such,
laser sources are presently the light source of choice for performing time-domain mea-
surements. Titanium sapphire (Ti:sapphire) lasers can provide femtosecond regime pulse
widths with multi-Watt average output power [7] and, via nonlinear frequency conver-
sion, can be tuned from the UV to the infra-red. This performance and flexibility makes
Ti:sapphire lasers excellent sources for time-resolved fluorescence measurements, how-
ever they have the disadvantages of being very expensive, bulky and complex. As such,
the development over the last decade of relatively cheap and simple to operate pulsed
laser diodes (LDs) and LEDs, emitting at wavelengths which are suitable for exciting
commonly-used intrinsic and extrinsic fluorophores, has allowed time-domain measure-
ments to be available to many more researchers than before. Blue-violet-emitting LDs
have been reported with optical pulses of as short as 3 ps [8] and LEDs with pulses as
short as several hundred ps [9]; both sources are commercially available with high repe-
tition rates of up to 80 of MHz. The emission spectra from such devices can be chosen
to be centred from the UV through the visible spectrum, and recent the push towards
UV LED emission has allowed pulsed LEDs to be capable even of exciting intrinsic pro-

tein fluorescence for ‘label free’ detection of biological material [9]. There have been



Chapter 4. Micro-LEDs for time-resolved fluorescence lifetime measurements 114

many reports of LDs and LEDs being used in fluorescence lifetime systems in both time-
domain [10] and frequency-domain [2] lifetime measurements. The compact, robust and
efficient nature of LEDs makes them particularly suitable for portable devices, allowing
fluorescence lifetime-based detection of, for example, single airborne particles [11] of po-
tentially dangerous pathogenic materials. For these reasons it is anticipated that these
devices will become the most commonly used light sources for standard time-domain

measurements.

Although previous work has shown that using LEDs for fluorescence lifetime measure-
ments can reduce the price, complexity and size of time-domain measurement systems,
they are still largely confined to specialist research laboratories. Arguably, the main rea-
son is the photon detectors that these systems commonly use, such as photo-multiplier
tubes (PMTs), avalanche photodiodes (APDs) or streak cameras. These detectors are
generally bulky, fragile and not suitable for low cost miniaturisation, mass production or
for use in portable compact instrumentation. However single photon avalanche diodes
(SPADs), as described in chapter 3, section 3.2.1, offer an interesting alternative, which
in principle can be mass-produced at a low cost. SPADs have previously been demon-
strated as suitable detectors for fluorescence lifetime measurements [12], including direct
integration with microfluidics [13]. As described in section 3.2, they can also be directly
integrated with a CMOS control chip used to drive a micro-LED array, in principle allow-
ing fluorescence excitation and detection to be performed using a single monolithically
integrated device. Such a system will be presented in section 4.3. Micro-LED arrays
themselves are a novel alternative light source for fluorescence lifetime measurements for
a number of reasons. First of all, micro-LEDs have been demonstrated to have shorter
optical turn-off times than their broad-area counterparts [14], making them more suit-
able for time-domain measurements. The array nature of the micro-LEDs could also be
exploited to excite multiple samples in parallel on a single chip. Micro-LEDs and SPADs
would provide miniaturised, mass-producable and cheap alternatives to fluorescence ex-
citation and detection devices commonly used today. Furthermore, recent advancements
in CMOS-based real-time on-chip fluorescence lifetime computation [15, 16] also allow
the possibility of removing the need for the expensive and specialised timing electron-
ics required for performing fluorescence lifetime measurements. A system that uses a
CMOS-controlled micro-LED chip and a SPAD array chip with integrated fluorescence
lifetime computation circuitry is presented in section 4.4. This system moves towards a

truly compact fluorescence lifetime measurement system.
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4.2 Time-correlated single-photon counting (TCSPC)

Time-correlated single photon counting (TCSPC) is the most commonly used technique
for time-domain fluorescence lifetime measurements. Time-resolved fluorescence mea-
surement systems based on micro-LEDs will be discussed in subsequent sections, so first
the basic principles of TCSPC will be introduced. A simplified schematic of a TCSPC
system is given in figure 4.2 and may be described as follows. An electronic ‘start’ signal
simultaneously triggers an optical excitation pulse and triggers the time-to-amplitude
converter (TAC). The TAC creates an analog voltage signal which linearly increases in
amplitude with time, so the TAC effectively acts as a timer in this system. The optical
excitation pulse excites the fluorescent sample, which subsequently emits light. Some of
the light emitted by the sample will pass through an optical filter, used to block light
from the excitation source, and impinge on the detector. If and when the detector mea-
sures a single photon of fluorescence from the sample, then an electronic ‘stop’ signal is
sent to the TAC to stop the timer. The analogue value of the TAC is then converted
to a digital value, and sent to the multi-channel analyser (MCA). The MCA is a form
of memory, where the memory addresses (or ‘time bins’) are proportional to the time
measured from the TAC. Every time a photon is detected, the ‘count’ value of the time
bin corresponding to this arrival time is incremented by one. This process is repeated
many thousands of times, until a histogram of the photon detection probability is stored
in the MCA. Once a photon has been counted, the system is idle until the next excitation

pulse, so at most only one photon is counted in any given period.

Figure 4.3 illustrates the basic measurement process of TCSPC. The sample is repeatedly
excited by optical pulses from a light source, and the time delay between an excitation
pulse and the subsequent arrival time of an individual fluorescence photon is recorded
and used to re-construct the intensity decay of the fluorescent sample. A key feature of
TCSPC is that the probability of detecting an individual photon is very low; typically
for every 100 excitation pulses, only one emitted photon from the sample is counted.
Figure 4.3(a) illustrates how in most inter-pulse periods, no fluorescence photons are
detected. At such a low probability of detection, the measured signal represents the
probability distribution of the emitted photons, in other words, the probability of de-
tecting a fluorescence photon at a given time delay, ¢. The probability of detecting a
photon is highest at the time when the fluorescence intensity of the sample is highest,
so the probability distribution in effect represents the intensity decay versus time of
the sample. Figure 4.3(b) shows that a histogram of the photon detection probability
(shown in cyan) is used to represent the intensity decay versus time of the fluorescence

sample (shown in green).
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FI1GURE 4.3: Illustration of the basic measurement process of TCSPC.

It is important to note that there are variations on this basic description of TCSPC.
One variation, which will be mentioned in subsequent sections, is the ‘reverse mode’,
or ‘reversed start-stop’. This is very similar to the method discussed above, except the
start signal is given by the detection of a photon, and the stop signal is given by the
next excitation pulse. The advantage of this method is that the TAC is only used when
a photon is detected. This means that the TAC does not need to be reset after periods
where no photon is detected. Resetting the TAC can take 10-20 ns, which is long enough

to become problematic at high excitation-pulse repetition rates.

The main advantage of TCSPC is its excellent time resolution. For analog signal record-
ing techniques, the time resolution is determined by the bandwidth of the detector. In
TCSPC, the time resolution is determined by how accurately the arrival time of pho-
tons can be determined. This accuracy is set by the transit time spread (TTS) of the

detector. The TTS of a given detector is typically an order of magnitude lower than
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its bandwidth [17], thus TCSPC allows for measurements with higher time resolution.
TCSPC is also highly precise and highly sensitive, allowing low light levels to be mea-
sured. In addition, TCSPC is able to record photons at a rate of up to about 5 x 10°
photons per second, meaning that reasonable fluorescence lifetime measurements can be
achieved on millisecond time scales [17]. In the subsequent sections, novel and compact

TCSPC systems will be presented which utilise micro-LEDs as excitation sources.

4.3 TCSPC using a ‘first-generation’ CMOS-controlled

micro-LED device

4.3.1 Experimental set-up

In this section, a monolithically integrated, single-chip excitation and detection system
will be presented which uses the TCSPC technique to measure the fluorescence lifetime
of colloidal quantum dot (CQD) samples. The excitation source is a UV (370 nm peak
wavelength) micro-LED array, and the detector is an array of single photon avalanche
diodes (SPADs). The micro-LED array is bump-bonded to, and controlled by, the ‘first-
generation’” CMOS control chip which was introduced in chapter 3, section 3.2. The
SPAD array is integrated within the CMOS chip itself, as detailed in chapter 3, section
3.2.1. The fabrication and performance of this device is covered in detail in section 3.2;

this section will concentrate on the application of the device to TCSPC.

The TCSPC system was configured such that it operated in reverse mode. Examining
the sub-system blocks in figure 4.2, the light source and pulse electronics is provided by
the CMOS-controlled micro-LED array, the detector is the SPAD array on the CMOS
chip, and the TAC, MCA and other timing electronics are provided by an external
TCSPC module (Becker & Hickl, SPC-730). The excitation pulses from the micro-LED
array are synchronised to the rising edge of the system clock, which is also used to
synchronise the TCSPC module. Each micro-LED pixel was biased to draw 4 mA of
current and the clock frequency was set to &~ 3.7 MHz. The optical pulse width output
from the micro-LEDs is controlled electrically via a graphical user interface (GUI), as
described in section 3.2. For the subsequent measurements, the optical pulse width from
the micro-LEDs was set to 8 £0.12 ns, with a rise and fall time of 2.15 and 3.31 ns,
respectively. Although optical pulse durations as short as x1.1 ns were possible with
this setup, at such short pulse durations the pulse intensity decreases. This subsequently
reduces the intensity of the resulting fluorescence emission from the sample, decreasing
the signal-to-noise ratio in this initial, non-optimised system. The voltage pulse output

from the SPAD array was used as the start signal to trigger the TAC timing. The
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voltage pulses had a duration of approximately 30 ns FWHM, with 100 ps of timing
jitter. The SPAD dark count rate is given as 10 Hz at room temperature. Assuming
that external light is completely blocked, then the dark count rate effectively determines
the background count rate, i.e. the rate of SPAD counts that are not due to micro-LED
or fluorescence emission. Measurements were performed with minimal background room

light, and with a blackout cloth covering the system to protect it from external light.

The samples measured were CdSe/ZnS colloidal ‘core-shell’ quantum dots (CQDs) in a
toluene solution (supplier, Evident Technologies Inc.). The basic characteristics of such
CQDs were discussed in chapter 1. Quantum dots were chosen for this initial ‘proof of
principle’ demonstration as they have a relatively long fluorescence lifetime of 15-20 ns.
Additionally, they have a high quantum yield and their absorption spectra are suited
for excitation by the UV-emitting micro-LED array. Quantum dots are also used as
fluorescent probes for labelling biological cells [1, 18], so demonstrating the capability
to measure the fluorescence lifetimes of quantum dots has merit beyond simple proof of

principle demonstrations.

Figure 4.4 shows the absorption and emission spectra, in toluene, of the three quantum
dot samples used, named ‘Adirondak Green’, ‘Catskills Green’ and ‘Hops Yellow’ by
the supplier, and table 4.1 provides some properties of the samples. The samples were
sealed in a 24 x 24mm? coverslip in order to prevent evaporation. The coverslip was
then positioned on top of the sapphire substrate of the micro-LED array, as illustrated
schematically in figure 4.5. A photograph of the system in operation is shown in figure
4.6. Excitation light from the pulsed micro-LED array caused the quantum dots to emit
light and the subsequent emission from the quantum dots was measured by the SPAD
array situated on the CMOS driver chip underneath the micro-LED array. Thus, a single
chip performed the dual function of fluorescence excitation and detection. The pulsed
output from the SPAD was passed to the external TCSPC timing module to record the

fluorescence decay histogram.

TABLE 4.1: Properties of the quantum dot samples investigated using this system

Sample Peak absorption | Peak emission | Emission Concentration
(nm) (nm) FWHM (nmol ml~1)
(nm)
Adirondak Green | < 400 542.5 24.8 7
Catskills Green | < 400 563 25.25 69
Hops Yellow < 400 571 42.6 57

One disadvantage of the single chip fluorescence excitation and detection approach is
that it was not practical, at least in this first demonstration, to place an optical filter
between the micro-LED and SPAD arrays due to their close proximity. In an ideal

TCSPC system, the excitation source should be isolated from the detector using spectral
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FIGURE 4.4: Quantum dot absorption and emission spectra for the samples in toluene.
The 370 nm peak emission of the micro-LED is indicated by the purple dashed line.

filters in order to prevent unabsorbed excitation light being measured during photon
counting. If present in the output histogram, excitation light could obscure some features
from the fluorescence decay curve. However, even though spectral filters could not be
implemented, an alternative approach was used to minimise the level of micro-LED
excitation light that was detected from by the SPAD array. First of all, ‘spatial filtering’
was used, in other words a single micro-LED pixel was used to excite the sample and
a single SPAD was used to measure the output and by ensuring that the micro-LED
pixel and SPAD were as far apart as possible on the chip then the level of micro-LED
light detected by the SPAD could be kept to a minimum. The spacing in this case
was 800 pm, corresponding to a separation of 8 rows of the CMOS driver chip. The
SPAD photon detection probability (PDP) is a measure of the probability that a photon
that impinges on the SPAD active area will trigger an avalanche breakdown, in other
words a measure of the probability of whether a particular photon will be measured by
the SPAD. The PDP is strongly wavelength dependent. As figure 4.7 illustrates, the
SPAD PDP is relatively low at wavelengths corresponding to the emission of the UV
micro-LED (10-15%), and higher at wavelengths corresponding to the emission from the
quantum dots (~25%). Thus, the SPADs are more sensitive to the fluorescence emission
than the micro-LED emission, helping to discriminate between fluorescence emission and

micro-LED emission.

It should be noted that significant micro-LED emission was still detected by the SPAD
when measuring the quantum dot samples. However, as the duration of the micro-LED

excitation pulse was significantly shorter than the fluorescence lifetime of the quantum
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FIGURE 4.5: Cross-sectional schematic of the micro-LED/CMOS fluorescence excita-
tion and detection chip.

FIGURE 4.6: Photograph of the micro-LED/CMOS TCSPC system, showing the cavity
microslide, the micro-LED/CMOS package, and the green emission from the quantum
dot sample under micro-LED excitation.

dots (8 ns compared to 15-20 ns) then the emission from the quantum dots could still

be clearly distinguished from the micro-LED excitation pulse.

4.3.2 Results - quantum dot fluorescence lifetimes

The instrument response function (IRF) is the response of the TCSPC system to a
sample with 7 = 0. It is determined by the optical excitation pulse and the characteristic
response of the detector and timing electronics. In the case of this micro-LED based
TCSPC system, the optical excitation pulse from the micro-LED array dominates the
IRF, so the IRF approximately represents the optical excitation pulse. The IRF was
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where the SPAD PDP is relatively low, helping to reduce photon counts caused by
micro-LED emission.

measured using a Ludox dilute scattering solution, which is a non-fluorescent sample used
here to provide a reference. The measured fluorescence decay curves are a convolution
of the IRF and the fluorescence intensity decay of the sample. Fitting software was used

to de-convolve the two responses and to fit to the samples decay characteristics.
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FI1GURE 4.8: IRF and measured fluorescence decays of quantum dot samples.

The histograms recorded by measuring the three quantum dot samples in the micro-LED
based TCSPC are shown in figure 4.8. As can be seen, the fluorescence decay curves
from the quantum dots can be clearly distinguished from the micro-LED excitation
pulse (represented here as the IRF). The curves were exported to the FAST™ fitting
and lifetime extraction software from Edinburgh Instruments Ltd. The three samples
were fitted as mono-exponential decays with lifetimes of 17.8, 17.2 and 19.1 ns for the
Adirondack Green, Catskills Green and Hops Yellow quantum dots, respectively. The

estimated measurement error was £100 ps, based on the timing jitter of the SPADs.
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These extracted lifetimes are in good agreement with those quoted by the quantum dot
manufacturer (15-20 ns), and measurements performed independently in a conventional
TCSPC system, demonstrating that this system is suitable for measuring samples with
relatively long lifetimes. These results were reported in [19]. In the following section
a system capable of measuring samples with shorter lifetimes will be presented, which
also allows for greatly improved filtering between the fluorescence excitation source and

the detector.

4.4 TCSPC using a ‘third-generation’ CMOS-controlled

micro-LED device

4.4.1 Lifetime measurement of organic semiconductors and colloidal

quantum dots

Although a single-chip fluorescence excitation and detection chip was presented in the
previous section and shown to be applicable to TCSPC measurements, the system had
some drawbacks. First of all, the relatively long optical excitation pulses generated in the
basic form made it difficult to accurately measure samples with short lifetimes. Many
commonly used fluorophores have lifetimes of <5 ns, so the 8 ns optical pulses used in
the device described in section 4.3 would largely obscure the decay curves from such
samples. The second shortcoming of the device was that it was difficult to use spectral
filters to prevent the detector counting photons from the micro-LED excitation source.
Being able to use shorter optical pulses from the micro-LEDs and being able to place a
filter between the micro-LED and the detector would allow for fluorescent samples with
shorter lifetimes to be measured with greater accuracy. As such, an improved TCSPC
system was developed based on the ‘third-generation’ of CMOS-controlled micro-LEDs.
This section will discuss the application of the third-generation of CMOS-controlled
micro-LEDs to a TCSPC system. The reader is referred back to chapter 3, section
3.4 for a detailed description of the fabrication, characterisation and operation of these

devices.

Although the basic operating principle of the modified micro-LED based TCSPC system
is broadly similar to that described by section 4.3 and figure 4.2, there are two key
differences when compared to the previous system. First of all, sub-nanosecond optical
pulses of ‘usable’ energy are possible using the third-generation CMOS-controlled micro-
LEDs. Secondly, the SPAD array is no longer integrated on the CMOS control chip, but
is now separate - effectively this is a two-chip system. This physical separation between

the CMOS-controlled micro-LED array and the SPAD array allows for spectral filters to
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FIGURE 4.9: Cross-sectional schematic of a two chip, micro-LED/CMOS and SPAD
array fluorescence excitation and detection chip.

FIGURE 4.10: Photograph of the micro-LED/CMOS and SPAD TCSPC system, show-
ing the motherboard, daughter cards and FPGA board.

be placed between the micro-LEDs and the SPADs. This is illustrated schematically in
figure 4.9, which shows a cross-sectional schematic of the system. The fluorescent sample
is now ‘sandwiched’ in between the two chips, with the SPAD array on the bottom and
the CMOS-controlled micro-LED array on top. The SPAD and CMOS-controlled micro-
LED arrays are on their own separate daughter cards, which are both connected to the
same test motherboard as described in chapter 3, section 3.4.3. A high-pass spectral
filter is placed between the sample and the SPAD array, allowing the longer-wavelength
emission (represented by green arrows) from the sample to pass, but preventing the
excitation light from the micro-LEDs (represented by blue arrows) from impinging on
the SPADs. Although this system requires an additional chip and an optical filter it
remains very compact, comfortably fitting onto a small motherboard as shown in figure
4.10. Indeed, this board could be shrunk considerably further by removing hardware

that is not required for TCSPC measurements.

The light-emitting polymer BBEHP-PPV, an important organic laser gain medium, has
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been reported to have a fluorescence lifetime of approximately 650 ps [20]. It was chosen
for investigation using the two-chip TCSPC system in order to establish whether samples
with sub-nanosecond fluorescence lifetimes could be accurately measured. BBEHP-PPV
can be excited by micro-LEDs emitting at wavelengths in the UV to blue wavelengths
(figure 4.11). A BBEHP-PPV sample was spin-coated onto a coverslip and placed in
the measurement system between the SPAD and CMOS-controlled micro-LED arrays.
A micro-LED array with peak emission of 450 nm was chosen. A 514 nm high-pass filter
(Semrock, LP02-514RU-25) was used to prevent unabsorbed micro-LED light from being
detected by the SPAD array. A single micro-LED pixel was chosen as the fluorescence
excitation source, and the micro-LED was forward biased with a voltage of 4.88 V, with
LED_GND = 0 V. This forward bias corresponds to a current of ~80 mA and an average
optical output power of 2.2 mW under CW operation. The optical pulse duration from

was set to &~ 0.9 ns, with a pulse repetition rate of 3 MHz.

A spin-coated sample of the light-emitting ‘T'3’ truxene oligofluorene material, as in-
troduced in chapter 1, section 1.4.1, was also measured using this system. The T3 was
mixed into a blend with a polymeric host material prior to spin-coating. Further details
on this composite blend material may be found elsewhere [21]. A third sample consisting
of 609 nm peak-emission CdSe/ZnS colloidal quantum dots (CQDs) in toluene solution
was also measured. The basic characteristics of these CQDs were introduced in chapter
1. For these measurements, the system was configured in an identical manner as for the
BBEHP-PPV measurements as described above.
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FIGURE 4.11: Absorption and emission spectra of a spin-coated film of BBEHP-PPV
light-emitting polymer.

The results from the BBEHP-PPV TCSPC measurement are shown in figure 4.12. A
fit was performed using Gray Labs TRI2 Time-resolved analysis software, version 2.1,
kindly supplied by Dr. Paul Barber of the Gray Institute for Radiation and Oncology,
University of Oxford. The measured data is shown in blue, the fit is shown in red, and

the standard deviation residuals, are also shown in figure 4.12. The fit function was a
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mono-exponential of the form:
I(t)=Z+ Ax et (4.2)

where I(t) represents the fluorescence intensity from the sample as a function of time.
The fit parameters found were Z = 49.15 + 1.0, A = 7820 4+ 60.59 and 7 = 1.06 + 0.01
ns, with 2 = 1.13. The errors given in this case are the fitting errors as provided by
the software. It can be seen in figure 4.12 that this fit fairly accurately describes the
fluorescence decay of the BBEHP-PPV light-emitting polymer. Taking the error of the
extracted value of 7 to be the 100 ps of timing jitter of the SPADs, plus the fitting
error from the software, then the fluorescence lifetime of the BBEHP-PPV sample is
found to be 1.06 + 0.11 ns, compared with the reported value of 7 = 650 ps given
in the literature [20]. There is a discrepancy of around 300 ps in the measured and
extracted values for 7, although the values agree within a factor of 2. Recalling that
the 370 nm-emitting CMOS-controlled micro-LED arrays are able to produce shorter
optical pulses than the 450 nm-emitting device used here (300 ps, compared to 820 ps),
then repeating this demonstration using a shorter optical excitation pulse from a 370 nm
device may allow for a more accurate value of 7 to be extracted. It is also worth pointing
out that whilst CMOS-controlled micro-LED based TCSPC will not be able to match
the accuracy of more conventional laser-based TCSPC, this may not necessarily be a
problem. For example, for a particular application the measurement system may only
need to be capable of distinguishing between two fluorescent samples with fluorescence
lifetimes that differ by an order of magnitude (e.g. 800 ps and 8 ns), a task that would
be well within the capability of this CMOS-controlled micro-LED based TCSPC system.
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FIGURE 4.12: Measured fluorescence decay of BBEHP-PPV LEP. The measured data,
fit and residuals are shown as blue, red and black, respectively. x? = 1.13.
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FIGURE 4.13: Measured fluorescence decay of T3 blend. The measured data, fit and
residuals are shown as blue, red and black, respectively. x? = 1.09.

The results from the T3 blend measurement are shown in figure 4.13. A fit was per-
formed using Gray Labs TRI2 Time-resolved analysis software, as described above. The
measured data is shown in blue, the fit is shown in red, and the standard deviation
residuals, are also shown in figure 4.13. The fit function was a bi-exponential of the

form:
I(t) = Z 4+ Al % 7™ 4 A2 5 (/) (4.3)

The fit parameters found were Z = 334.22 + 1.72, A1 = 30350.8, 71 = 0.67 ns, A2 =
12957 + 266.42 and 75 = 0.89 & 0.01 ns, with x? = 1.09. As above, the errors given are
the fitting errors provided by the software. It can be seen in figure 4.13 that this fit
fairly accurately describes the fluorescence decay of the T3 blend light-emitting polymer.
Taking into account the 100 ps of timing jitter from the SPADs, the fluorescence lifetimes
for the T3 blend were found to be 71 = 0.67+0.1 ns and 75 = 0.8940.1 ns. This compares
favourably with the previously reported measurements on similar spin-coated T3 blend
samples, performed using a conventional TCSPC system, which found lifetime values of
71 = 0.68 £0.01 ns and 7 = 1.23+0.12 ns [21]. Wu et al. attributed the dominant 0.68
ns component to the intrinsic lifetime component of the T3 molecules, and the longer

1.23 ns component to aggregation of T3 molecules within the blend [21].

For the CQD measurement a fit to the data was performed as described above. The
measured data (blue), the fit (red) and the standard deviation residuals (black) are
shown in figure 4.14. The fit function was a bi-exponential of the same form as described
in equation 4.3. The fit parameters found were Z = 48.01, A1 = 1152.96 + 34.25,
71 = 32.74 £ 0.37 ns, A2 = 1117.91 4 26.98 and 7 = 11.94 + 0.39 ns, with x? = 1.03.

From figure 4.14 it can be observed that the fit fairly accurately describes the fluorescence
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FIGURE 4.14: Measured fluorescence decay of CdSe/ZnS CQDs in toluene solution.
The measured data, fit and residuals are shown as blue, red and black, respectively. x?
= 1.03.

decay of the CQDs. Once again taking into account the 100 ps of timing jitter from
the SPADs, the fluorescence lifetimes for the CQDs were found to be 7 = 32.74 4+ 0.47
ns and 7 = 11.94 £ 0.49 ns. This is in reasonable agreement with previous reports
which suggest that the lifetimes of CdSe/ZnS CQDs tend to be dominated by a 20-30

ns component, with a shorter component of the order of 5 ns [22].

4.4.2 Lifetime measurements of Rhodamine dyes using on-chip lifetime

processing circuitry

Although the fluorescence lifetime systems presented in sections 4.3 and 4.4.1 demon-
strate that micro-LEDs and SPADs can be used to produce potentially cheap and com-
pact fluorescence excitation and detection micro-systems, they still rely on specialised
electronic time-correlated photon counting modules which typically cost in excess of
£10,000. This high price point provides a hurdle to the production of a widely-available
TCSPC system. Performing fluorescence lifetime computation directly on a CMOS chip
is an alternative approach. A two-chip system is presented in this section which com-
putes a lifetime using circuitry integrated onto a SPAD array chip. This work was carried
out by Dr. Bruce Rae from the University of Edinburgh. Aside from computing the
fluorescence lifetime using this method rather than using a dedicated external TCSPC
module, this system can be considered to be otherwise identical to that described in
section 4.4. Some commonly-used fluorescent dyes were examined using this system, to
investigate its accuracy. The energy level scheme for such dyes is as described in section
1.4.1.
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The basic principle of the on-chip lifetime extraction method is as follows. As the decay
histogram is being measured, it is split into two contiguous areas, termed Dy and D;.
From the two areas, the pre-exponential factor A and lifetime 7 can be calculated as

follows [23]: A

—At D
Dy and A= 701)1
l”(ﬁo) (1 - ﬁo)

(4.4)

T =

This technique has the advantage that it does not need to fit to a large number of data
points, allowing values of A and 7 to be calculated much more quickly and easily than
the NLLS method. This calculation is performed directly on-chip, removing the need for
an external timing module. A more detailed description of the hardware implementation

of this lifetime extraction method is reported elsewhere [16, 24].

The fluorescent dyes Rhodamine 6G (R6G) and Rhodamine B (RB) are commonly used
short-lifetime dyes within the biomedical sciences. Samples of R6G, RB and a sample of
‘Hops Yellow’ quantum dots were measured using this two-chip TCSPC micro-system to
test its accuracy. The R6G and RB samples were diluted in water and the quantum dots
in toluene, with the concentrations being 250, 100 and 57 uM, respectively. The samples
were sealed in a cavity micro-slide, each with a sample volume of 45 pL, with each slide
being placed into the system in the same manner as described previously. A micro-
LED with peak emission of 450 nm and a pulse FWHM of 910 ps was used to excite the
samples. The recorded histograms are shown in figure 4.15. The lifetimes extracted from
this data were 4.36, 1.34 and 13.81 122 ns for the R6G, RB and quantum dot samples,
respectively. As with the previous measurements, the estimated error is dominated by
the SPAD timing jitter. The extracted lifetimes of the two Rhodamine samples are

consistent with those reported elsewhere in the literature [25].
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FI1GURE 4.15: Measured fluorescence decays of R6G, RB and quantum dot samples.
Also presented is the IRF, with 910 ps FWHM.
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4.5 Summary

In this chapter, steady-state and time-resolved fluorescence measurements have been
introduced, with a particular focus on time-resolved measurements. The instrumen-
tation that is commonly used for time-resolved measurements has been presented and
the motivation for using micro-LEDs as novel fluorescence excitation sources has been

discussed.

A single-chip TCSPC system, based on the ‘first-generation” of CMOS-controlled micro-
LEDs, was described. This chip used a pulsed CMOS-controlled micro-LED, with a
peak emission of 370 nm, as a fluorescence excitation source and an array of SPADs
integrated onto the same CMOS chip as a fluorescence detector. This system was shown
to be capable of allowing the fluorescence lifetimes of colloidal quantum dot samples to

be accurately extracted.

A two-chip TCSPC system was also presented, based on the ‘third-generation’ of CMOS-
controlled micro-LEDs. This system utilised the shorter optical pulses from the third-
generation of CMOS-controlled micro-LEDs, and a different measurement configuration,
to improve the accuracy of the measurements and allow samples with shorter radiative

lifetimes to be determined more easily.

Both systems are ‘proof of principle’ demonstrations, which could be considerably im-
proved but show that micro-LED arrays are promising light sources for time-resolved
fluorescence measurements. Micro-LED arrays are potentially cheaper to fabricate, more
robust, more user-friendly and more compact than the light sources typically used for
time-resolved fluorescence measurements and could help move these powerful techniques

out from specialised research laboratories and into more general point-of-care devices.
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Chapter 5

Micro-LEDs for visible light

communications

In this chapter, the application of micro-LEDs to optical communications is investigated.
The first section gives an overview of the use of LEDs for optical communications, iden-
tifying some key areas where micro-LEDs may be applied. The following section gives
the results of frequency response measurements performed on individual micro-LED
pixels in order to ascertain the bandwidth available from such devices, and gives some
explanation for the different behaviour seen from devices with different designs. Data
transmission measurements from a proof-of-principle system are also given, demonstrat-
ing error-free optical transmission of data using a single micro-LED pixel at rates in
excess of 1 Gbit/s. Finally, the use of novel colour-converter materials based on quan-
tum dots and light-emitting polymers is shown, which demonstrates that these materials
offer superior optical modulation bandwidths to the phosphor materials commonly used
in white LEDs.

5.1 Visible light communication using LEDs

LEDs have been widely used for decades in optical communications, for short distance
free-space and fibre-based systems. Remote controls for consumer electronics are an ev-
eryday example of LEDs used for free-space optical communications, where IR-emitting
GaAs or GalnAs LEDs are used to optically transmit data from the control to the equip-
ment. An IR-emitting GaAs-based LED suitable for coupling to a silica fibre for optical
communications was first demonstrated in 1971 by Burrus and Miller [1]. Since then,
due to their low cost, IR-emitting LEDs have become the light source of choice for low

to medium bit rate communications (up to ~1 Gbit/s) over relatively short distances

133
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(up to a few km) [2]. Arrays of IR-emitting GaAs resonant-cavity LEDs (RCLEDs) have
also been demonstrated for indoor free-space communications at bit rates of up to 155
Mbit/s [3]. A RCLED is a micro-cavity LED structure which emits light normal to the

epitaxial wafer surface.

LEDs that emit visible light are also used for so-called Visible Light Communications
(VLC). Red-emitting GalnP LEDs are commonly used with polymer optical fibre (POF)
for short distance (typically around 10m), low bandwidth (around 100 Mbit/s) commu-
nications. POF is cheaper, more robust and is easier to couple light into compared to
silica fibre, due to its larger core diameter (up to 1 mm for POF, compared to 100 pym or
less for silica fibres). Red light-emitting devices are of interest as there is relatively low
loss and low dispersion at these wavelengths [2]. POF is increasingly used to provide
optical fibre data links in specific operating environments - for example, POF is inte-
grated into so-called ‘infotainment’ data links in over 90 models of car sold worldwide
[4]. POF is also used for data links in home networks. POF can be fairly easily coupled
to the optical data source and receiver, with the eye-safe visible light used to transmit
data aiding the alignment, allowing POF networks to easily be connected by untrained
persons. At present, most POF links are coupled with either Vertical Cavity Surface-
Emitting Lasers (VCSELs) or RCLEDs. Red-emitting (650 nm peak emission) RCLEDs
suitable for use with POF have been demonstrated to have modulation bandwidths in
excess of 350 MHz [5].

For fibre-based communications, AllnGaN-based LEDs may be of particular interest as
there exists an optical attenuation minimum in POF at around 510 nm in the green
region of the spectrum [6], as shown in figure 5.1. This could allow for improved per-
formance over systems using red-emitting light sources. Furthermore, the transmission
window at 650 nm is fairly ‘sharp’, meaning that red-emitting light sources to be used for
POF applications require a fairly well-defined and narrow emission linewidth, whereas
the transmission window at green wavelengths is more forgiving. Green GaN-based LEDs
with specially n-doped active layers have been reported with modulation bandwidths of
up to 330 MHz [7], and green-emitting RCLEDs have been shown to be capable of trans-
mitting data at 200 Mbit/s over 100 m of POF [6], although fabricating AllnGaN-based
RCLEDs remains challenging due to the difficulties associated in producing microcavities

in this alloy system [8].

Micro-LED devices are potentially interesting candidates for VLC applications, for a
number of reasons. As mentioned in section 2.1.2, micro-LED devices have been demon-

strated to have shorter optical turn-off times compared to conventional broad area LEDs,
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FI1GURE 5.1: Attenuation versus wavelength for a step-index PMMA plastic optical
fibre. From [2].

indicating that they have higher modulation bandwidths [9]. Furthermore, the micro-
pixellated array nature of the devices potentially allows for an array of individually-
modulated pixels to be coupled into an array of fibres, allowing parallel data transmission
using a single LED chip. Arrays of refractive microlenses positioned with one microlens
aligned to each emitter element can in principle be used to collimate the emission from
a micro-LED array to aid the coupling of light into POF. Microlens arrays suitable for
such an application have been fabricated from several compatible materials, including
polymers [10], sapphire [11], GaN [12] and diamond [13]. Finally, micro-LED arrays are
considerably easier to fabricate than RCLEDs or VCSELs and are therefore, in principle,

cheaper and more manufacturable alternatives for VLC optical sources.

Another area of VLC involves using modulated white-emitting LEDs to transmit data
optically whilst simultaneously providing general purpose white-light illumination. At
present, early demonstrations of this have been implemented using LEDs with phosphor
colour-converting materials with relatively long carrier lifetimes. As will be discussed
in section 5.4, novel colour-converters provide an alternative approach which may allow

high-bandwidth white light to be generated.

5.2 Micro-LED frequency response measurements

The amplitude of the output power of an AC-modulated LED is a function of the

frequency of the AC (alternating current) signal. This defines the frequency response of
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the LED. The bandwidth is taken to be the frequency at which the response (amplitude)
is reduced to 50% (-3 dB) of its low frequency value. We may define the frequency
response, P(w), and the bandwidth, f345, of an LED as follows [2]:

Plw) = —— (5.1)

V3

f3dB = Py (5.2)

where 7 = RC, is the RC time constant of the LED, with R and C representing the
LED series resistance and capacitance, respectively. Alternatively, if we assume that the
bandwidth of the LED is not limited by the RC time constant but instead by the carrier
recombination process within the LED active region, we may define 7 as average carrier
lifetime. It is important to note that equations 5.1 and 5.2 provide an approrimation of
the frequency response of an LED, since the rise and fall times of a practical LED are

often not exponential.

In order to assess the frequency responses of micro-LED devices, individual pixels from
unpackaged, non-heatsinked micro-LED arrays were examined. A schematic of the fre-
quency response measurement setup is shown in figure 5.2. A three pin ground-signal-
ground (GSG) probe with a bandwidth of 40 GHz (Cascade Microtech, ACP40-A-GSG-
125) was used to electrically address individual micro-LED pixels. The centre-to-centre
pitch of the pins on the probe was 125 um. The signal pin from the probe was placed
on top of the micro-LED p-contact area, and the ground pins were placed onto the
n-contact area. The micro-LEDs were then electrically driven by a signal consisting of
both a DC and a small-signal AC component. The DC component was provided from a
DC power supply, and the AC component was provided by a network analyser (Agilent
Technologies 8753ES Option 011). The AC component consisted of a chirped sine wave,
of fixed amplitude, and was combined with the DC signal by a three terminal bias-tee.
The magnitude of the AC bias was approximately 7% of the DC bias. The optical out-
put of the micro-LED was imaged onto the active area of an amplified fast photodiode
(Newport 818-BB21A) having a bandwidth of 1.2 GHz. The AC-coupled output from
this photodiode was returned to the input port of the network analyser. The network
analyser recorded the amplitude of the electrical input from the photodiode as a func-
tion of frequency, allowing the frequency response of the micro-LED under test to be
measured. A 1.2 GHz low-pass electrical filter was used between the photodiode and

network analyser to reject high-frequency noise.

The photocurrent output (measured in amperes) from the photodiode is directly propor-
tional to the optical power output from the micro-LED under test (measured in Watts).

The network analyser measures the electrical power (also measured in Watts) from the
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FIGURE 5.2: Schematic of the micro-LED frequency response measurement setup.

photodiode. Since electrical power is proportional to electrical current squared, the mea-
sured electrical power output from the photodiode is also proportional to the square of
the micro-LED output power. It then follows that the optical -3 dB point is equivalent
to the electrical -6 dB point [14]. The network analyser provides data in electrical dB,
but for clarity all measured frequency response data presented in this thesis has been
converted to optical dB. When -3 dB bandwidths are mentioned during the rest of this
thesis, these will refer to the optical -3 dB bandwidth of the micro-LED.

5.2.1 16 x 16 individually-addressable micro-LED frequency responses

The frequency response of 16 x 16 element individually-addressable micro-LED arrays
with respective peak emissions at 370, 405 and 450 nm were measured using the setup
discussed previously. The -3 dB frequency as a function of applied DC current, from
representative individual 72 pm diameter micro-LED pixels from each array, are shown
in figure 5.3. It is observed that the -3 dB frequency of the pixels initially increases as the
DC current increases, before appearing to reach a saturation point. It is also clear that
the current versus bandwidth behaviour, and the maximum bandwidth, is different for
devices emitting at the different emission wavelengths. Typical maximum bandwidths
observed for the 72 pm diameter pixels were approximately 100 MHz at 370 nm, 150
MHz at 405 nm and 245 MHz at 450 nm. A random sample was taken of 8 pixels across
the diagonal of the 450 nm array, and a variation of £10 MHz in the bandwidth of each
pixel was found [15], suggesting that the frequency response of individual pixels across
a micro-LED array is quite uniform. To the best of our knowledge, this work represents
the highest bandwidth reported for a blue-emitting LED fabricated in the AllnGaN alloy

System.
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lengths, as a function of applied DC current [15].

5.2.2 8 x 8 individually-addressable micro-LED array frequency re-

sponses

As the 8 x 8 element micro-LED devices have pixel diameters ranging from 14 to 84
pm, the frequency responses of the pixels in these arrays were investigated in order to
determine if there is any variation in frequency response with pixel size. Individual
pixels in the arrays were addressed using the GSG probe, either by placing the probe
directly on top of the micro-LED array, or onto the pixel p-contact pad. No difference
in frequency response was observed between the two different probing configurations,
indicating that the contact pads did not affect the frequency response by e.g. adding

significant parasitic capacitance.

Different sized pixels from devices with peak wavelengths ranging from 370 to 520 nm
were tested. Their frequency response as a function of DC current was measured and, as
with the measurements done on the 16 x 16 device, it was observed that the modulation
bandwidth of each pixel was strongly dependent on the applied DC current. Figure
5.4 shows the maximum bandwidth observed, as a function of pixel size and emission
wavelength, before device failure at high currents. A modulation bandwidth of almost
450 MHz was observed for the 44 ym diameter 450 nm-emitting micro-LED. As was the
case with the measurements obtained in section 5.2.1, different performance was obtained
from devices with different peak emission wavelengths, with the blue and green devices
having considerably larger bandwidths than their UV and violet-emitting counterparts.
Examining the modulation bandwidth of each peak wavelength device as a function of
current density (the current normalised to the pixel area) indicates that for the same

current density, the same modulation bandwidth is observed, regardless of the overall
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FIGURE 5.5: Bandwidth versus current density for different pixel sizes from the same
450 nm-emitting 8 x 8 micro-LED array.

pixel size. This is illustrated in figure 5.5, which shows that for the same current density,
different sized pixels from the same 450 nm-emitting micro-LED array show the same
modulation bandwidth. Another general trend that is observed for all wavelengths is that
as the size of the micro-LED pixels are decreased, the maximum modulation bandwidth
that can be achieved increases. These results suggest that the smaller pixels have higher
modulation bandwidths because they are able to withstand higher operating current

densities.
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5.2.3 Current dependent micro-LED frequency response

Based on the data presented in sections 5.2.1 and 5.2.2, it can be seen that the fre-
quency response of the micro-LED device seems to be determined by two factors - the
epitaxial structure (which varies for different peak emission wavelengths) and the cur-
rent density. As a consequence, since the smaller devices are able to withstand higher
operating current densities, their maximum modulation bandwidth is higher than for
otherwise identical larger pixels. Also, the relationship between current density and
bandwidth will vary depending on the properties of the LED epitaxy used for each dif-
ferent peak emission wavelength. This section will aim to explain these differences in
terms of the current dependent carrier recombination dynamics within the devices. Ac-
knowledgement goes to Dr. Richard P. Green of University College Cork (formerly of

the University of Glasgow) for derivation of the model.

The carrier lifetime, 7, within the LED active region may be described by the following

equation [16]:
1

~ A+ BN + CN?

where, A, B and C are the Shockley-Read-Hall non-radiative recombination, radiative

7(N) (5.3)

recombination and Auger recombination coefficients, respectively. Having a complete set

of lifetimes up to a given current I allows the carrier density N(I) to be found through

I
0/ rdl (5.4)

where 7;,; is the internal quantum efficiency (IQE) of the LED, e is the elementary

the following integral [17]:

~+

Nin
N(ry ="

)
IS

charge, a is the active area of the LED and d is the active region thickness. For the data
presented in this section, an estimated value of 7;,; = 70% was used, based on literature

reports [18].

The current through the device can be split into two parts, the radiative current that re-
sults in the emission of photons, I, and that which is lost to non-radiative recombination

paths, I,,,.. The total current through the device, I, is thus given by:
I1=1 +1, (5.5)

The total current, I, the radiative current, I., and the non-radiative current, I,, are
given by:
I = ead(A + BN? + CN?) (5.6)

I, = ead(BN?) (5.7)
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I, = ead(A + CN?) (5.8)

Equation 5.7 implies that a graph of I, versus the carrier density squared, N2, would
yield a straight line with gradient equal to eadB. Using L-I data for a given pixel, we

may estimate the radiative current as follows:

(5.9)

where P is the LED output power in Watts, fiw is the energy of the emitted photons
in Joules and nc is the collection efficiency, i.e. the ratio of the number of photons
measured in the L-I data compared to the total number emitted by the LED active
region. Assuming that every photon emitted into free space by the LED is collected
by the photodiode during the L-I measurement, then nc is largely determined by the
extraction efficiency, which is the ratio of photons that escape the LED die to the
total number emitted by the LED active region. Due to total internal reflection, the
majority of photons are trapped within the die. An estimated extraction efficiency of
6.5% was determined, so the value of nc was 0.065. The estimated extraction efficiency

is consistent with literature reports [19].

A representative plot of I, versus N2, from a 450 nm emission 44 pm diameter micro-
LED, is shown in figure 5.6. It is clear that this plot is not a straight line, counter to
that predicted by equation 5.7. In this case, we assume that B is a function of N, and

we may define the function B(N) as follows:

1
 ead d(N?)

B(N) (5.10)
B(N) was calculated using equation 5.10 and the data from figure 5.6. Eliseev et al. [20]
described the carrier density-dependence of B using a model as described by equation
5.11. In this model, By represents the low-carrier-density limit of B and N* is a fitting
parameter, describing a saturation-type behaviour of the recombination coefficient. To
fit this model to the B(N) versus N data, By was found by interpolating the B(N) versus
N data to find the value of B when N = 0. N* was subsequently found by fitting the
model to the B(N) versus N data. The B(N) versus N data points and the fitted curve
are shown in figure 5.7. The parameter values found for this particular data set were
By =19 x10"m3s~! and N* = 8.8 x 10%3m 3.

B(N) = (5.11)

Now we consider the non-radiative current. According to equation 5.3, since A = 1/7y we
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FIGURE 5.6: Radiative current versus carrier density squared for a 450 nm emitting,
44 pm diameter micro-LED pixel.

1.2x107 4

= B(N)data
* B(N) fit

1.0x107"

— 8.0x10™"

6.0x10" \
4.0x10"

2.0x10™" I
\L._.\h_

B(N)(m?®s

0.0

0.0 3.0x10  6.0x10”  9.0x10*  1.2x10”
N (m”)
FIGURE 5.7: B(N) versus N for a 450 nm emitting, 44 pum diameter micro-LED pixel.

Data points calculated using the pixel L-I curve are shown in black, with the fit shown
in red.

can determine the value of the A coefficient by interpolating the plot of carrier lifetime,
T, versus current density N to find 7y, i.e. 7 when N = 0. For the data taken from
the 450 nm emitting 44 pm pixel under consideration, a value of A = 1.5 x 108s~! was

found.

As equation 5.5 states, the non-radiative current I, can be found by subtracting the
radiative current, I, from the total current, I. Using the value of A given above, we
can then determine the ‘Auger current’, I. by subtracting eadA from I,.. Since I. =

ead(CN3), then a plot of I. versus the carrier density cubed, N3, should be a straight
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TABLE 5.1: Fitted coefficient values for data from 450 nm emission micro-LED of
various pixel diameter.

34 pm 44 pm 64 pm 74 pm 84 pm Average
A (s7h) 3.2 x10° 1.5 x10% | 1.28 x10% | 1.2 x108 1.2 x10® 1.7 x108
By (m3s™1) | 1.5 x10716 | 1.9 x10716 | 2.7 x10716 [ 2.2 x10710 | 3.8 x10~1¢ | 3.0 x10~1°
N*(m~3) 1.1 x10%F | 8.8 x10%7 | 5.9 x10%* | 5.6 x10%* | 3.2 x10?* | 8.7 x10%*
Co (m8s~1) 6.9 x10= | 1.0 x10~% | 9.4 x10=* | 4.2 x10~* | 1.3 x10~%' | 1.1 x10~%!

line with gradient equal to eadC. Figure 5.8 shows the plot of I, versus N2 for the
pixel under consideration. This data can be reasonably approximated by a straight line,
so we determine a value for C' by dividing the gradient of this straight line by ead.
For this data, a value of C' = 1 x 1074'mSs~! was found. The coefficient values found
by analysing data from 5 different sized pixels from a single 450 nm emitting 8 x 8

micro-LED array are summarised in table 5.1.
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FIGURE 5.8: I.. versus N? for a 450 nm emitting, 44 pm diameter micro-LED pixel.

Now that we have values for each of the parameters, we may use these values with a
slightly modified version of the model of 7(V) given in equation 5.3, in order to model

the relationship between 7 and N. This modified model is given by equation 5.12:

1

= BO
A+1+J<rv*

7(N)

5.12
+ CN2 (5:12)

A comparison of the measured data points taken directly from the bandwidth measure-
ments as described in section 5.2, with the fitted model as described by equation 5.12, is
shown in figure 5.9. From this graph, it can be seen that our model and the parameters
found provide a fairly good fit to the observed data. Table 5.2 provides a comparison
between the average coefficient values found here with some values reported in the lit-

erature. There is a fairly wide spread of reported values, the fitted values found here
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Data points calculated using modulation bandwidth data are shown in black, with the
fit shown in red.

lie within these ranges. From this we may conclude that the method presented is valid
for analysis of the 450 nm emitting micro-LED pixels and provides estimated coefficient

values that are in reasonable agreement with other studies.

This model provides a possible explanation for the variation of micro-LED bandwidth
with device geometry and epitaxial structure. As shown in section 2.3.2, smaller micro-
LED pixels are able to withstand higher current densities (and thus carrier densities) due
to their reduced operating temperatures [21]. According to equation 5.12, increased car-
rier densities result in shorter carrier lifetimes and hence higher modulation bandwidths.
Thus, it is postulated that smaller micro-LEDs exhibit higher modulation bandwidths
because they are able to operate with higher carrier densities than their larger coun-
terparts. Furthermore, the parameter values used in equation 5.12 will vary depending
on the properties of the epitaxial structure of the micro-LED, and hence will vary with
micro-LED emission wavelength. Thus, this approach may also explain why micro-LED
devices, which are otherwise identical apart from their epitaxial structure and emission

spectra, show quite different bandwidth versus carrier density behaviours.

This approach did not yield a particularly good fit for the data measured from the 370
and 405 nm-emitting 8 x 8 devices, indicating that this model may not be appropriate
for shorter-wavelength devices. Analysis of the 520 nm 8 x 8 array was not undertaken
due to an incomplete set of data. It is important to note that the physical meaning of
the C coefficient term here is normally taken to be Auger recombination. However, as
previously described in detail in section 1.3.3, the magnitude of Auger recombination in

AlInGaN materials remains a topic of intense debate. As such, the model presented here



Chapter 5. Micro-LED arrays for visible light communications

145

TABLE 5.2: Average coefficient values from table 5.1 compared with literature reports

Emission wavelength (nm) A(s7h B (m3s~1) | Co (mPs~1) Reference
450 1.7 x108 5.0 x10~17 [ 1.1 x10~* This work
430 2 %107 Tx107 | i David et al. [22]
440 2-11 x107 | 1-3 10777 | 1.4-2 x10~ %2 Shen et al. [23]
460 107 2 x10716 7.2 x10~1 Ryu et al.[24]
407 107 2 x10717 1.5 x10~ %2 Zhang et al. [25]
525 7x10° | 28X10T 1 27 10712 Eliseev et al.[20]
325 1.25 x10% | 9.84 x10~17 | 5.37 x10~° | Shatalov et al. [26]

Not given 1.1 x10° | 0.3 x10~1¢ - Witzigmann et al.[27]

410 0.2-2.7x10% | 2.25 x10~17 N/A Hader et al. [28]

does not claim to explain the physical origin of the C coefficient term. Furthermore,
it would be worthwhile repeating these measurements under short-pulsed operation, in

order to remove any heating effects that may influence the behaviour of the micro-LED.

5.3 Data transmission using micro-LEDs

After measuring the modulation bandwidths of various formats of micro-LED devices,
proof-of-principle experiments were carried out to demonstrate the optical transmission

of data using micro-LED pixels.

For these experiments, representative micro-LED pixels were probed using a GSG probe,
and their optical emission was imaged onto a photodiode in a similar fashion to that
discussed in section 5.2. A DC current was combined with a modulated AC signal using
a bias-tee, as with the frequency response measurements. In this case, the modulated
AC signal was a pseudo-random bit sequence (PRBS) provided from a bit error rate test
(BERT) system (Advantest, D3186 Pulse Pattern Generator and D3286 Error Detector).
As the BERT did not have its own internal synthesiser, it was clocked using the output
from a network analyser. The output of the photodetector was amplified using an
external amplifier (HP8447D - dual stage 50dB electrical amplifier, 100kHz to 1.3 GHz),
and returned to the BERT. A comparison between the transmitted and received bit
patterns was performed by the BERT in order to ascertain the bit-error rate (BER). The
BER is the ratio of incorrectly transmitted data bits to the total number of transmitted
bits, so for example a BER of 1 x 1072 would indicate there is 1 incorrectly transmitted
bit out of every 1000 that were transmitted. The optical output from the micro-LED
under test was attenuated using a neutral density filter wheel (ND wheel, Thor Labs
NDM4/M) allowing the BER as a function of received optical power at the photodiode
to be measured, with the DC bias to the micro-LED kept constant.
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The modulated PRBS from the BERT was a non-return to zero (NRZ) data signal, with
a variable peak-to-peak amplitude of 0.5 to 2 V. The BERT was not capable of directly
modulating an LED, as the maximum forward bias it can supply is 1 V, well below
the typical turn-on voltages for AllnGaN (micro-)LEDs. Therefore, the NRZ output of
the BERT was level-shifted by combining the signal with a DC offset voltage, using a
bias-tee. An illustration of the NRZ voltage signal used to drive the micro-LED pixel
is shown in figure 5.10. The label a in figure 5.10 represents the modulation depth,
which was set by the peak-to-peak amplitude of the BERT output. The 0 and 1 logic
levels are shown, along with the DC offset level which is determined by the DC voltage
supplied by a DC power supply. The optical power output from the micro-LED will be
determined by this voltage signal, and the particular I-V, L-I and frequency response

characteristics of each individual micro-LED.

For a truly random NRZ data stream, each bit in the sequence has a 50% probability of
being either 1 or 0, regardless of the state of the preceding or subsequent bits. Therefore
it is possible to have long sequences of consecutive identical digits (CIDs). These long
sequences have a very low frequency content, and designing high-speed systems which
can handle such content is not trivial. Therefore, data is usually encoded in order to
‘package’ the data in a more easily handled format. The encoding used typically aims
to limit the length of CID sequences, and map the data to patterns that can be more
easily distinguished from each other, all of which help improve the BER. Different PRBS
lengths can be used to mimic data encoded using different schemes. For example, a short
pattern length of 27 - 1 bits is often used to test Ethernet communications systems as
this provides a good approximation to actual Ethernet which encodes data into 10 bit
long ‘packages’ using 8b10b encoding [29]. For this reason, to test the capability of
micro-LEDs short PRBS lengths of 27 - 1 and 22 - 1 were used. A long PRBS length
of 231 - 1 bits was also used, as long PRBS lengths are commonly used in Synchronous
Optical network (SONET) telecommunications systems. Data transmission rates from
100 Mbit/s to 1.2 Gbit/s were investigated, including data transmission rates of 155 and
622 Mbit /s, which are examples of standard transmission rates used in SONET.

A 34 pm diameter micro-LED pixel from an 8 x 8 array with a peak emission of 520 nm
was chosen for an optical data transmission demonstration. This was because (micro-
JLEDs emitting at this wavelength are in the low-loss transmission window for polymer
optical fibres (POF). The BER versus received optical power data was measured for each
bit rate and PRBS length. The DC bias current provided to the micro-LED was 35 mA.
Lower currents would inhibit the transmission of data at high data rates, because the
response of the micro-LED at low currents is slow as discussed in the previous section,
whereas very high currents would cause device failure due to heating effects. Thus 35

mA provided a compromise between device bandwidth and device reliability, though
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FIGURE 5.10: Tlustration of the NRZ voltage input data signal to the micro-LED.

with suitable heat-sinking reliable operation at higher drive currents should be readily
achievable. The maximum modulation depth directly available from the BERT, 2 V

peak-to-peak, was used.

Figure 5.11 shows BERs versus received power, for various pattern lengths and bit rates
from this pixel. Error-free transmission in this case is defined as an BER of <1x10719, or
in other words the successful transmission of >1x10'° bits without any errors. Figure
5.11 shows that error-free data transmission was achieved for bits rates of up to 1.1
Gbit /s for pattern lengths of 27-1 and 2°-1. Because the 23!-1 PRBS contains more
frequent and longer CID sequences, it will contain more low frequency content which
stresses the capabilities of the system, thus error-free data could only be achieved up to
800 Mbit /s for a PRBS of 23!-1.

An eye diagram is constructed by repeatedly sampling the received signal over a period
of two clock cycles and at intervals of one clock cycle, and overlaying the observed data.
Eye diagrams provide visual information regarding the received signal, such as noise
and jitter, and an ‘open eye’ indicates that the data can be received error-free. Eye
diagrams measured from the same micro-LED pixel used for the BER measurements
performed above are given in figure 5.12. For each eye diagram, the micro-LED current
= 35 mA and the PRBS length = 2311 bits. Bit rates from 155 Mbit/s to 1.2 Gbit/s
are shown. At 155 Mbit/s, an open eye is clearly shown, indicating that error-free data
transmission should be easily achievable at this data rate. However, patterning effects
are beginning to become noticeable at 622 Mbit/s and the eye is beginning to close,
which would indicate that more received power is required to achieve a given BER for
this bit rate than for lower bit rates. At 1.2 Gbit/s, the eye is almost closed, indicating
that error-free data transmission is not possible at this high bit rate. These conclusions
are consistent with the measured BER versus received power data provided in figure

5.11.
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FIGURE 5.12: Eye diagrams measured from a 520 nm-emitting micro-LED at various
bit rates, micro-LED current = 35 mA, PRBS = length 23!-1 bits. Bit rates of (I-r)
155 Mbit/s, 622 Mbit/s and 1.2 Gbit/s are shown.

As figure 5.11 suggests, the sensitivity of the overall system is fairly low. In other
words, the required received optical power at the photodetector to achieve error-free
data transmission is fairly high. Although the sensitivity of the present setup is low, it
should be recognised that this is a first demonstration was and sufficient to demonstrate
the high-frequency modulation performance of the micro-LEDs. The sensitivity could
be improved in future by optimising the components of the measurement system, for
example by amplifying the output of the BERT to increase the modulation depth and
thus improve the BER. Indeed, the BER versus received power performance of this
system was examined with an increased modulation depth, the results of which will be

discussed in the subsequent section.

5.3.1 Micro-LED optical data transmission with increased modulation
depth

Intuitively, it would seem obvious that increasing the modulation depth of an optical
data signal from an LED would be beneficial, since increasing the contrast between logic
0 and logic 1 levels (i.e. increasing the extinction ratio) makes distinguishing the two
logic levels easier, which should result in a reduction in the BER. However, this is not

necessarily the case, as will be shown in this section.

When using the output from the BERT, the maximum voltage modulation depth that
can be applied to a micro-LED pixel is 2 V peak-to-peak. In order to increase the mod-
ulation depth, an electrical amplifier (JDS Uniphase, Optical Modulator driver H301-
1110) was used to amplify the modulation depth to 5 V peak-to-peak. Figure 5.13
shows a comparison of the BER versus power for 3 different bit rates (155, 300 and 800
Mbit /s), for a PRBS length of 23!-1, for two different modulation depths, 2 and 5 V. It
can be seen that for 155 and 300 Mbit /s, when the modulation depth is increased to 5V,
less received optical power is needed to achieve a given BER. This can be explained as

the increased contrast between logic 0 and logic 1 increases the sensitivity of the overall
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FI1GURE 5.13: BERs measured from a 520 nm-emitting micro-LED at various bit rates
various bit rates and modulation depths. Micro-LED current = 35 mA, PRBS length
of 231-1. Modulation depths are 2 V (solid shapes) and 5 V (hollow shapes).

system. However, at 800 Mbit/s it is clear that error-free data transmission has been
achieved with a modulation depth of 2 V, but not 5 V, suggesting that for higher bit
rates, an increased modulation depth can actually be detrimental. This observation can
be explained by considering the effect that the increased modulation depth has on the
logic level transition speeds of the micro-LED. During a data sequence, there will be
some points in the sequence where there are several logic 0 bits in succession. During
this time, the bias voltage and bias current to the micro-LED will fall to its lowest level,
determined by the modulation depth. As was discussed in section 5.2, the modulation
bandwidth, and hence transition speed, of the micro-LEDs is dependent on the bias
current - at low currents, the micro-LED bandwidth is lower, thus transitions between
logic levels will be slower. Because a modulation depth of 5 V will place the micro-LED
in a lower bias current regime during logic 0 bits than a modulation depth of 2 V, the
micro-LED will respond more slowly to a transition from logic 0 to logic 1 for a modu-
lation depth of 5 V, compared to 2 V. In effect, changing the modulation depth results
in a trade-off between increased extinction ratio, and decreased modulation bandwidth.
Less modulation bandwidth is required for lower bit rates, so sacrificing some band-
width for an improved extinction ratio is beneficial. However, at higher bit rates, this
loss of bandwidth results in an increase in the BER, which is not compensated for by

the improved extinction ratio.

This effect can also be observed in the eye diagrams measured for the two different
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FIGURE 5.14: Eye diagrams from a 520 nm-emitting micro-LED at 1.1 Gbit/s, bias
current = 35 mA, PRBS length of 231-1. Modulation depth = (a) 2 V (b) 5 V.

modulation depths. Figure 5.14 shows eye diagrams measured from the same 520 nm-
emitting micro-LED pixel, at the same bit rate, PRBS length and bias current (1.1
Gbit/s, 23!1-1 and 35 mA, respectively), for modulation depths of 2 V and 5 V. Due to
the effect described above, it can be clearly seen that the eye taken for a modulation
depth of 5 V is more closed compared to that taken at 2 V. This is because the 0 to 1
logic transitions are slower for a modulation depth of 5 V, so the micro-LED output is
often not able to reach the logic 1 level in time. In other words, the micro-LED output is
often too slow to successfully transition from logic 0 to logic 1, resulting in an incorrect
logic level being recorded by the receiver for these bits. This results in the increased

BER for increased modulation depths at high bit rates as observed in figure 5.13.

5.4 Colour-conversion of micro-LED emission for white

light communications

It is anticipated that in the near future LEDs will become the dominant form of light
source for general illumination [30] as their cost continues to decrease and their efficiency
continues to increase. White light communications (WLC) is a form of optical commu-
nication which aims to ‘piggy back’ on the roll-out of general white light illumination
sources by utilising modulated white light for both general illumination and communica-
tions. Figure 5.15 shows an illustration of a possible white LED based communications
link. In this system, the white LEDs are intensity modulated, allowing the optical trans-
mission of data. Because the LED would be modulated at MHz data rates the human
eye would not be able to distinguish any intensity flicker, allowing the same LEDs to pro-
vide general illumination. One potential advantage of such a technology is that it would
allow wireless data transmission to be possible in areas where conventional radio-based

Wi-F1i is not possible or desirable, such as within the cabin of a passenger aircraft or in a
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hospital. In addition, WLC could also augment existing Wi-Fi by providing additional
wireless bandwidth using the visible spectrum, which unlike radio-based transmissions
does not require licensing. WLC has recently attracted attention from several research
groups [31-34], and data transfer rates of up to 500 Mbit/s have been reported using
systems based on commercial illumination white LEDs [34]. However, one issue is that
these systems are currently based on conventional white LEDs which use a blue LED
and a yellow-emitting phosphor to produce white light, as discussed previously in chap-
ter 1. These materials have long phosphorescence lifetimes which limit the modulation
bandwidth of the white light to the order of 5 MHz [32]. Using optical filters at the
receivers to remove the slow yellow light component from the phosphor such that only
the relatively fast blue LED emission is observed, increases the modulation bandwidth
by at least an order of magnitude [32], although this comes at the expense of reducing
the strength of the received signal. An interesting alternative to the phosphor mate-
rials would be to replace them with other colour-converting materials having shorter
carrier lifetimes. Colloidal quantum dots (CQDs) and light-emitting polymers (LEPs),
as discussed in chapter 1 section 1.4, are colour-converting materials with fluorescence
lifetimes of the order of a few tens of nanoseconds for CQDs, and a few nanoseconds, or
less, for the LEPs. As such, these materials have the potential to generate white light
having a higher modulation bandwidth than conventional phosphor-based white LEDs.

LED
Spotlight
LED
Ceiling Lamp

Portable device
with a VLC port

Server

Terminal

F1cURE 5.15: Tllustration of an envisaged visible light communications network, from
[31].

5.4.1 Hybrid LED/colour-converter frequency response model

Before considering the overall response of a hybrid micro-LED/colour-converter device,
we shall first consider the frequency response of a colour-converting material when ex-

cited by a light source with constant intensity. Conveniently, frequency-domain lifetime
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measurements are a very well established technique which allows the fluorescence life-
time of a light-emitting sample to be inferred from its response to a modulated excitation
source (see chapter 4). The basic principle of frequency-domain lifetimes measurements
will first be discussed, before these techniques will be applied to explain how a colour-

conversion material responds to excitation from a micro-LED at high frequencies.

Frequency-domain lifetime measurements use a sinusoidally-modulated excitation source,
commonly an LED or laser diode, to excite a fluorescent sample. The sample will emit
sinusoidally-modulated light having the same frequency as the source. However, the
intensity modulation and phase shift of the sample light (relative to the excitation light)
will vary depending on the frequency of the excitation source and the fluorescence life-
time of the sample, 7. The derivation of a mathematical model of this phenomenon,

from [35], will now be discussed.

The sinusoidally-modulated excitation light source with frequency w is described by the
equation:
L(t) = a + bsinwt (5.13)

such that my = b/a describes the modulation of the excitation source. The fluorophore
excited state population at time ¢, N(t), will be described a sinusoid with the same
frequency but with a different modulation, and a phase shift, ¢, relative to L(t), as
shown in figure 5.16:

N(t) = A+ Bsin(wt — ¢) (5.14)

We assume that the emission intensity of the fluorphore, I(%), is proportional to N(t).
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F1GURE 5.16: Illustration of the modulation and phase shift of a fluorescence emission,
N(t), relative to the excitation source, L(t).

For a single-exponential decay, I(t) is described by:

I(t) = Lexp(—t/T) (5.15)
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A differential equation can then be defined which describes the time-dependent excited
state population. The term L(t) is a ‘forcing function’ which is the excitation source,

whilst the remaining terms describe the transient response of the fluorophore:
1
dI(t)/dt = —=1I(t) + L(t) (5.16)
T

If equation 5.14 is substituted into 5.16, then the resulting equation describes the excited
state population at any time, ¢. By expanding the resulting equation, and equating the
terms in sinwt, coswt and the constant terms, we can obtain the relationship between

w, the amplitude-demodulation m, 7 and ¢:

tang = wt (5.17)

B/A 1
bla 1+ w272

From equations 5.17 and 5.18 we are able to describe the intensity de-modulation and

m(w) = (5.18)

phase shift of a fluorophore’s emission relative to the excitation source as a function of
frequency, assuming that the fluorphore has a mono-exponential decay. In a frequency
domain lifetime measurement, the parameters m and ¢ would be measured as a function
of frequency and a fit would be performed with the resulting data in order to determine a
value for the lifetime, 7. Many light-emitting materials however do not have a radiative
decay that can be accurately described by a single exponential. These materials have

decays which are best described by a multi-exponential decay function:
t) = aiexp(_—t) (5.19)
—1 T
1=

where «o; are the pre-exponential factors that describe the fractional contribution of each
exponential to the overall decay. To describe the frequency respose of fluorophores with
multi-exponential decays, a more complex model must be used. For multi-exponential
decays, the phase shift and de-modulation are described, respectively, by the equations
5.20 and 5.21 [36]: N

tang = D—w (5.20)

w

me— - (5.21)

VN2 + D2

Where N, and D,, are given by:

N, = Z awr /Zam (5.22)

1+w7'

D, = Z( fz:; /Zam (5.23)

1=
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As mentioned above, these models describe the frequency response of a fluorophore
when the excitation source is of a fized intensity. However it is fairly straightforward
to consider the response when the excitation source is mot of fixed intensity, as will
be the case when a micro-LED modulated at high frequencies is the excitation source.
For example, if at a given frequency the excitation source intensity is reduced by a
factor of 0.8, and this excitation intensity is further reduced by a factor of 0.65 by
the frequency response of fluorophore, then the overall intensity will be diminished by
a factor of 0.8 x 0.65 = 0.52. This calculation is more conveniently performed when
the de-modulation factors are expressed in decibels (dB). If the intensity de-modulation
versus frequency of the micro-LED, mpgp, and that of the fluorphore, my, are both
expressed in dB then the overall intensity de-modulation, my., is given by the sum of
mpep and my:

Mot = MLED + My (5.24)

A model to describe the response of a colour-converting material excited by a micro-
LED, to be used for VLC, is now complete. A Mathcad program based on this model is
presented in Appendix A, which analyses measured data for my.; and mrgp, calculates
my and fits to this to find the lifetime 7 of the fluorescent sample under test. This
program is used for analysing the data obtained in the experiments in the following

sections.

5.4.2 Bandwidth of a hybrid micro-LED and quantum dot-based nanocom-

posite device

In this section, a micro-LED device that utilises CdSe/ZnS colloidal quantum dots
(CQDs) for colour-conversion is presented. Different CQD samples are investigated,
including a CQD blend which is suitable for white light generation when combined with
a 450 nm-emitting micro-LED. The CQDs are incorporated into a polymeric host matrix
to facilitate integration to the micro-LEDs. The short fluorescence lifetimes of the CQDs,
when compared to that of phosphors, is shown to allow high modulation bandwidths
of ~ 32 MHz to be achieved when the samples are excited by a modulated micro-LED

with a peak emission of 450 nm.

5.4.2.1 Experimental

Four CQD samples, prepared by Dr. Benoit Guilhabert and Dr. Nicolas Laurand,
were examined with peak emission wavelengths of 535, 573, 600 and 624 nm and mean
dot diameters of 7, 8 8.2 and 8.7 nm, respectively. The CQDs were initially in a

toluene solution, as supplied by the manufacturer (Evident Technologies, Inc.). The
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polymeric matrix material chosen was Corin-XLS from Mantech. This material offers
high durability, high transparency to visible light and is compatible with organic solvents
which would allow it to be processed by techniques such as spray-coating and ink-jet
printing. After a solvent exchange, the CQDs were incorporated into a polyimide-
Tetrahydrofuran (THF) solution at a ratio of 50 mg of CQDs per mL of THF /polyimide
(30 mg of polyimide per mL of THF). A fifth sample, termed ‘broad spectrum’, was
created by blending the 535, 573, 600 and 624 nm CQDs at respective volume percentages
of 83.3%, 14%, 1.7% and 1%. The resulting broad spectrum emission from this sample
was intended to allow white light to be generated in combination with the 450 nm
peak emission from a micro-LED. The samples were subsequently drop-cast onto 150
pm thick glass coverslips, and heated to approximately 60°C for 1 minute to allow the
THF to evaporate and to cure the nanocomposite. The resulting sample thickness was
approximately 100 to 200 ym. The CQD-to-polyimide ratio and the external conversion
efficiency of each sample is given in table 5.3. Normalised photoluminescence emission

spectra from each of the samples is given in figure 5.17.

TABLE 5.3: Nanocomposite sample composition and external conversion efficiency.

Nanocomposite sample name | CQD volume ratio | External conversion efficiency
535 nm 1.3% 7%
573 nm 1.3% 11%
600 nm 1.1% 25%
624 nm 0.8% 13%
Broad spectrum 1.3% 6.5%

ToE AN B S A I R R Mix

Normalised spectra

0.0 ! ; L L 1
500 525 550 575 600 625 650 675 700

Wavelength (nm)

F1GURE 5.17: Normalised photoluminescence emission spectra of nanocomposite sam-
ples.
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F1cURE 5.18: Schematic of the imaging and collection optics used to measure the
response of a modulated polymer sample.

An 84 pum diameter pixel from an 8 x 8 micro-LED array with peak emission of 450 nm
was chosen as the modulated excitation source for the frequency response measurements
of the nanocomposite samples. A DC current of 75 mA was combined with the AC
signal from a network analyser (Agilent Technologies 8753ES Option 011) using a bias-
tee. The micro-LED emission was imaged onto the nanocomposite sample, and the
emission from the nanocomposite was imaged onto the photodetector (figure 5.18). The
photodetector was the same as was used in section 5.2, having a cut-off frequency of
1.2 GHz. A 500 nm low-pass ‘pre-filter’ (Thor Labs FES0500) was used to remove long
wavelength emission from the micro-LED, and a 515 nm high-pass ‘post-filter’ (Thor
Labs FGL515) was used to prevent unabsorbed micro-LED emission from reaching the
photodetector, whilst allowing the nanocomposite emission to pass. The purpose of
using these filters was to ensure that the photodetector only measured modulated the
emission from the nanocomposite, and not a mixture of nanocomposite emission and
unabsorbed micro-LED emission. The photodetector output was then amplified using
an external 50dB electrical amplifier (HP8447D - dual stage), and the output of this
amplifier was filtered using a 0 to 1.2 GHz electrical filter in order to reduce noise. This
signal was delivered to the network analyser so that the overall bandwidth of the system
could be measured. After the frequency response measurements were completed, the
spectrum of the light that was imaged onto the detector was measured in order to check
that the LED emission was not leaking through the sample and the filters and reaching
the detector. A photograph of the imaging system used for these measurements is shown

in figure 5.19.

5.4.2.2 Results and discussion

The frequency response of the micro-LED, mygp, used to excite the LEP samples was
measured in the absence of the sample and the filters, and the response of the hybrid
micro-LED/CQD nanocomposite emission, my,, was subsequently measured with the

filters in place. The modulation bandwidth of the micro-LED was ~230 MHz for all the
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FIGURE 5.19: Plan view photograph of the imaging and collection optics used to
measure the response of a modulated nanocomposite sample.

nanocomposite sample frequency response measurements. The overall response of the
micro-LED and nanocomposite, m,, was measured, and by subtracting mpgp from
Mot the intrinsic frequency response of the nanocomposites, my, were derived as per
equation 5.24. The resulting m; plots were fitted to the expression given by equation
5.18, to find the effective carrier lifetimes, 7, and the modulation bandwidth of the
nanocomposite sample, assuming a mono-exponential fluorescence decay. The measured
and fitted plots of my, and the fitted values for 7 and the modulation bandwidths are
shown in figure 5.20. The coefficient of determination R2, is given for each fit which
indicates the ‘goodness of fit’ to each set of data. A value of R? = 1 indicates a perfect

fit to the data, with R? being defined according to the following equation:

RSS

2
—1- -
K Tss

(5.25)
where RSS is the residual sum of squares, and T'SS is the total sum of squares, defined
as follows where f; is the fitted value, y; is the measured value and 7 is the mean of the

measure data:

RSS = Z(yi — fi)? and TSS= Z(yi ~7)? (5.26)

It can be seen that for the nanocomposite samples, the overall modulation bandwidths
range from 11.25 to 31.9 MHz. It may be noted that since the modulation bandwidth
of the nanocomposite samples are of an order of magnitude lower than that of the
micro-LED, that my,; ~ mjy. The broad spectrum sample intended for white light gen-
eration was found to have a modulation bandwidth of 29.4 MHz. This represents an
order of magnitude increase in the modulation bandwidth when compared the phospho-
rescent colour converters typically used in white LEDs, indicating that these quantum
dot nanocomposites are promising alternatives to phosphors, allowing white light with
higher modulation bandwidths to be generated. Data transmission was demonstrated

using the broad spectrum sample to colour-convert the emission from a 450 nm 84 pym
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FIGURE 5.20: Measured and fitted frequency responses of the CQD nanocomposite
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FIGURE 5.21: Eye diagram at 25 Mbit/s measured by optically modulating the broad
spectrum nanocomposite blend. All LED light was filtered out so the modulation comes
only from the emission of nanocomposite.

diameter pixel. The data transmission setup was identical to that described in section
5.3. As shown in figure 5.21, an open eye was observed for a bit rate of 25 Mbit/s.
Although an integrated nanocomposite/micro-LED device has not been presented here,
it would be fairly straightforward to integrate the nanocomposites with a micro-LED or

LED device by spin-coating or ink-jet printing.



Chapter 5. Micro-LED arrays for visible light communications 160

5.4.3 Bandwidth of hybrid micro-LED and LEP colour-converters

Although the previous section demonstrated that CQDs can allow an order of magnitude
increase in the modulation bandwidth of colour-converted light, when compared to con-
ventional phosphor materials, the bandwidths of the CQDs remain an order of magnitude
of lower than that of the micro-LEDs themselves. The fluorescence lifetime of CQDs is
typically of the 10-20 ns regime, however, light-emitting polymers (LEPs) have fluores-
cence lifetimes which are typically of the order of a few nanoseconds or less. Like the
CQD nanocomposites, these materials have the advantage of being solution-processable,
highly luminescent and suitable for white light generation using (micro-)LEDs [37]. In
this section, colour-conversion of micro-LED emission using LEPs will be shown to allow
colour-converted light with bandwidths greatly in excess of those possible using CQDs

to be achieved.

5.4.3.1 Experimental

As the name suggests, Red F, a polyfluorene, is a light-emitting polymer which emits red
light. Red F has been demonstrated as a component of a white-emitting blend which can
be directly integrated with a UV-emitting micro-LED to produce a white light emitter
[37]. Because this polymer was readily available and has a simple mono-exponential
decay, it was chosen for an initial proof of principle demonstration of a high-bandwidth
colour-conversion of micro-LED emission. The Red F sample was kindly provided by Dr.
Colin Belton of Imperial College, London. A sample of the green-emitting LEP BBEHP-
PPV (cf. chapter 4) was also investigated for modulated colour-converted light, and was
kindly prepared by Dr. Nicolas Laurand of the Institute of Photonics. Both samples
were in toluene solution and were drop-cast onto glass coverslips, with estimated polymer

thicknesses of ~ 0.5 pym.

The absorption and emission spectra of the LEP samples are given in figure 5.22, along
with the emission spectrum of the 450 nm micro-LED pixel used to excite them. As with
the nanocomposite measurements in section 5.4.2.1, light from the excitation micro-LED
was imaged onto the sample, and the LEP emission was imaged onto the detector. The
same pre- and post-filters that were used in section 5.4.2.1 were also used here to prevent

unabsorbed micro-LED from reaching the photodiode.

An 84 pm diameter micro-LED from an 8 x 8 array, with a peak emission of 450 nm,
was used as the modulated pump source for the LEP samples. For both measurements,
a DC bias of 50 mA was combined with the AC output of the network analyser. At
this current, the DC output power of the micro-LED is reduced. Un-encapsulated LEP
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FIGURE 5.22: Absorption and emission spectra of Red F and BBEHP-PPV LEPs.
Also shown is the electroluminescence spectra of the 450 nm micro-LED used to excite
the LEP samples.

samples, such as used here, are susceptible to photo-degradation in the presence of
oxygen and water [38], so reducing the light intensity delivered to the LEP samples
allowed the operational lifetime of the samples to be extended. It should be noted that
despite this issue of photo-degradation, LEP operational lifetimes can be extended by
as much as a factor of 2500 by encapsulation [38], and that polymer-based LEDs exhibit
operational lifetimes of around 20,000 hours [39]. The remainder of the measurement
setup and procedure was identical to that described in section 5.4.2.1 for the CQD

nanocomposite measurements.

5.4.3.2 Results and discussion

The frequency response of the micro-LED, mpgp, used to excite the LEP samples was
measured in the absence of the sample and the filters, and the response of the hybrid
micro-LED/LEP emission, my, was subsequently measured with the filters in place.
This is represented by the blue plot in figure 5.23, a modulation bandwidth of ~165
MHz was found for the micro-LED. As before, the frequency response of the sample,
my, was obtained by subtracting mpgp from the measured my, data. The radiative
lifetime of the samples, 7, was found by fitting to the extracted m; data, assuming a
mono-exponential decay. The fitted m; and the measured and fitted n,; responses for

both LEP samples are shown in figure 5.23.

For the Red F sample, a fluorescence lifetime of 7 = 2.18 ns was found by the fitting.
This value is in excellent agreement with that determined by independent streak camera
measurements performed by Dr. Colin Belton at Imperial College London, which indi-

cated that Red F has a mono-exponential decay with 7 = 2.31 ns [40]. With a value of
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7 = 2.18 ns, the Red F sample was estimated to have a modulation bandwidth of 118.8
MHz, and the overall modulation bandwidth of the hybrid system was found to be 71.3
MHz. For the BBEHP-PPV sample, a value of 7 = 0.42 ns was found, giving a corre-
sponding BBEHP-PPV bandwidth of 667.8 MHz. This value of 7 agrees fairly well with
that reported in the literature which suggests that the material has a mono-exponential
decay with 7 = 0.65 ns [41], though it is in much better agreement with time-resolved
measurements performed by colleagues from the Institute of Photonics which suggests
that the material has a double-exponential decay with 71 = 0.16 ns and 75 = 0.43 ns.
Given the relatively low frequency sweep these measurements were performed at, and
bearing in mind the cut-off frequencies of the photodetector and the electrical filters used
are around 1.2 GHz, the influence of the fast 7 component on the frequency response
measurement will not be very apparent. Therefore, it is argued for these frequency re-
sponse measurements that the BBEHP-PPV LEP can be fairly accurately modelled as
having a mono-exponential decay with 7 = 0.42 ns. For the BBEHP-PPV measurement,
the overall bandwidth was found to be ~140 MHz.

(a)

9 H m,_, (measured) |-
H ——nm, (fitted) R
m__ (fitted) !

tot . R R L+

Optical response (dB)

Optical response (dB)

Frequency (MHz)

FIGURE 5.23: (Blue) measured frequency response of the 450 nm micro-LED excitation

source, (red) the predicted frequency response of Red F polymer, (green) the measured

and predicted (orange) overall frequency responses, for (a) Red F and (b) BBEHP-PPV
LEPs.

For both LEP samples, the overall modulation bandwidths were greatly in excess of
the bandwidths possible using phosphor or quantum dot-based colour converters. For
the BBEHP-PPV sample in particular, the process of colour-converting the micro-LED
emission did not greatly reduce the available bandwidth, a reduction from 165 MHz for

the bare micro-LED to =140 MHz for the colour-converted light was observed for the



Chapter 5. Micro-LED arrays for visible light communications 163

BBEHP-PPV sample. This demonstrates that LEPs with very short fluorescence life-
times can be used to colour-convert the emission from (micro-)LEDs without sacrificing
very much bandwidth. White-emitting LEP blends, integrated with micro-LEDs, have
been reported with fluorescence lifetimes of the order of 1-2 ns [37], so a high-bandwidth
white-emitting hybrid micro-LED/LEP device demonstration should be achievable in
the near future. It should be noted that the use of CQDs and LEPs for colour conver-
sion is also applicable to conventional broad-area LEDs, and is not limited to use with

micro-pixellated LED arrays.

5.5 Summary

In this chapter the suitability of micro-LED arrays for optical communications has been
investigated by analysing the fundamental frequency response of individual micro-LED
pixels. The optical modulation bandwidths of the micro-LEDs were found to be as high
as 450 MHz, which to the best of the author’s knowledge is amongst the highest modu-
lation bandwidths ever reported for AllnGaN-based LEDs. The modulated performance
of the micro-LEDs was found to be dependent on several factors, namely the injected
current density, the micro-LED pixel active area and the micro-LED peak emission
wavelength (i.e. the micro-LED epitaxial structure). These trends have been attributed
to the modulation bandwidth being dependent on the carrier density-dependent carrier
recombination dynamics within the micro-LEDs, and a carrier density-dependent carrier
lifetime model was presented to attempt to explain the frequency response behaviour of

pixels in a 450 nm emitting micro-LED array.

Using a 34 pum diameter 520 nm-peak emission micro-LED pixel, a proof-of-concept data
transmission measurement was undertaken which demonstrated error-free data transmis-
sion at bit rates of up to 1.1 Gbit/s. Although this does not yet represent a practical
communications device, it illustrates the potential of the micro-LED arrays for optical
communications, especially when the multi-emitter nature of the micro-LED arrays has
yet to be exploited. Furthermore, substantial work in optimising the electrical drive,
optical transmission and detection of the system could be done in order to improve the

sensitivity and/or increase the error-free bit rate.

Finally, light-emitting polymers and quantum dot colour-converting materials have been
shown to have the potential to be used together with micro-LEDs, or indeed standard
broad-area LEDs, for the generation of white light with high modulation bandwidth.
Conventional white LEDs which utilise phosphors emit white light with a bandwidth
which is limited to around 5 MHz due to the long radiative lifetime of the phosphors.

However, here it has been shown that quantum dots and light-emitting polymers can



Chapter 5. Micro-LED arrays for visible light communications 164

be used to generate colour-converted light with modulation bandwidths that are up to
two order of magnitude higher. Future work to integrate these materials with (micro-

JLEDs would allow high-bandwidth white-emitting LEDs to be used for visible light

communications.
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Chapter 6

Conclusions

This thesis presented work showing the application of micro-light-emitting diode arrays,
based on the AllnGaN alloy system, to time-resolved fluorescent lifetime measurements
and visible-light communications. Micro-LEDs were shown to be novel light sources
for these applications, offering advantages of simplicity, robustness, reduced cost and
reduced complexity when compared to more conventionally used light sources, such as

Ti:sapphire lasers and resonant-cavity LEDs.

Chapter 1 provided a general introduction to LEDs, and more specifically to LEDs based
on the AllnGaN alloy system. Over the last 25 years, advances in the growth of AllnGaN
materials has allowed efficient LEDs to be fabricated across the visible spectrum, and
also at increasingly shorter wavelengths into the UV. Although much work remains
to tackle problems such as the ‘efficiency droop’, the ‘green-yellow gap’ and increase
the light extraction efficiency, it is anticipated that white-emitting LEDs will replace
incandescent and fluorescent bulbs over the coming decade to provide highly efficient
general illumination sources. Typical epitaxial and die structures were presented, along
with a summary of how these materials are grown and processed into LEDs. A brief
introduction to colloidal quantum dots (CQDs) and light-emitting polymers (LEPs),
used experimentally as fluorescent lifetime test samples and as colour-converters, was

given.

The development of AllnGaN micro-LED arrays by various research groups was pre-
sented in chapter 2. Micro-LED arrays are a novel format of LED consisting of arrays of
individually-controllable sub-100 pm diameter LED micro-emitters. These devices pro-
vide a micro-scale spatial and temporally-controllable output pattern which can utilised
for a wide range of applications. The design of micro-LED arrays fabricated by the Insti-
tute of Photonics was described, with a particular focus on the individually-addressable

micro-LED arrays that were to be discussed later in the thesis. The typical performance
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of these arrays, in terms of their I-V, L-I, nanosecond pulsed output and emission spectra
was presented in order to provide the reader with an understanding of the capabilities
of the devices. Key performance highlights include up to 5 mW from a single 72 um
diameter pixel, and high output pulse intensities which suggest that micro-LED arrays
may be capable of photo-pumping organic semiconductor lasers (OSLs). The possibility
of photo-pumping OSLs with micro-LEDs is particularly exciting, as this would remove
the necessity to use large benchtop laser pump sources and allow these highly versatile

format of laser devices to be used outside of research laboratories.

Chapter 3 discussed the integration of micro-LEDs with CMOS driver array chips, which
were designed by colleagues at the University of Edinburgh. These CMOS chips allow
arrays of individually-addressed micro-LED pixels to each be driven by separate ele-
ments in an array of CMOS drivers via a simple computer interface and test board.
This approach allows the potential of the individually-addressable arrays to be realised.
A summary of CMOS technology was presented before a more detailed description of
the electronic circuitry implemented in the various iterations of CMOS driver chips. The
performance of integrated micro-LED/CMOS devices was shown. Some key highlights
include the generation of sub-nanosecond optical pulses, modulation of individual pix-
els at >110 MHz, and simple computer control of the micro-LED array output. The
sub-nanosecond pulsed output capability of the CMOS-controlled micro-LEDs means
that they are suitable candidates for optical excitation sources for time-resolved fluo-
rescence measurements. These are powerful measurement techniques commonly used in
the life sciences for analysing samples, which conventionally rely on bulky, expensive and
complex optical excitation sources and detectors. Proof-of-principle demonstrations of
compact systems utilising CMOS-controlled micro-LED array and array of single-photon
avalanche diodes were presented in chapter 4. These system were shown to be capable of
reasonably accurate fluorescent lifetime measurements of samples of colloidal quantum

dots, light-emitting polymers and organic dyes.

Chapter 5 described the characterisation of the frequency-modulated performance of
micro-LED pixels. Arrays of micro-LED pixels have potential applications in both free-
space and fibre-coupled optical communications. Modulation bandwidths of micro-LEDs
with various sizes and emission wavelengths was characterised, with bandwidths of up to
nearly 450 MHz demonstrated. A demonstration of error-free optical data transmission
using a single 34 ym diameter 520 nm-emitting micro-LED was shown at bit rates of up
to 1.1 Gbit/s. To the best of the author’s knowledge, these micro-LED devices have some
of the highest modulation bandwidths of LED fabricated in the AllnGaN alloy system.
Furthermore, these micro-LEDs are fabricated used fairly standard photolithography
and commercial LED wafers, and do not require any complex fabrication steps, such

as the deposition of dielectric mirrors or specially doped active regions, unlike some
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100 ym

FIGURE 6.1: Optical micrograph image showing 5 pixels from a 405 nm emitting
micro-LED array driven by a ‘fourth generation” CMOS chip.

other reports of high-bandwidth LED devices. Coupled with the potential for multi-
channel parallel communication using a single array, micro-LEDs have great potential
as novel optical communication devices. Novel approaches to the generation of high-
bandwidth white light using CQDs and LEPs was also presented, showing that it is
possible, using CQDs and LEPs, to produce wavelength-converted (micro-)LED emission
with a significantly higher bandwidth compared to conventional white-LEDs which use

phosphor colour converters.

6.1 Future work

As discussed in chapter 2, section 2.3.3, the pulsed output powers that can be attained
from micro-LED pixels are of the order that using them to optically-pump an organic
semiconductor laser may be feasible. New micro-LED device designs made specifically
for the purpose of optical pumping may be required to maximise the performance of the
micro-LED pump source. Laser-lift off of the sapphire substrate [1] could conceivably
allow the OSL to be directly integrated onto the micro-LEDs, maximising the energy
density delivered to the OSL. A CMOS-driver array, such as the designs described in
chapter 3, may be used to drive the micro-LEDs under pulsed operation for optical
pumping of OSLs, such a hybrid CMOS/AlInGaN/OSL device would allow an array of
OSLs to be computer controlled by a simple user interface and portable control board,
representing a significant improvement on almost all existing OSL devices which are

typically pumped with bulky, complex and expensive pump lasers.
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FIGURE 6.2: Frequency response of a 450 nm peak emission micro-LED pixel driven
by the new ‘fourth generation’ CMOS chip. Approximate modulation bandwidth is 200
MHz. Micro-LED diameter is 14 pm, 40 mA current.

As was mentioned in chapter 3, a new ‘fourth-generation” CMOS driver chip has been
fabricated. Improvements implemented in this new design, compared to the prior ‘third-
generation’ design, include a larger array (16 x 16, compared to 8 x 8), a smaller
driver-to-driver pitch (100 pm, compared to 200 pm), higher driver bandwidth, and
a solution to the electrical crosstalk problem as described in section 3.4.4. Figure 6.1
shows an optical micrograph of a device in operation. Future work using this device
includes the basic characterisation of the performance of CMOS-controlled micro-LED
arrays made using this new design. This new CMOS chip has also been fabricated
with visible light communications in mind, and as such allows micro-LED pixels to be
modulated at higher frequencies than the previous incarnations of CMOS driver. Early
characterisation of the new devices indicates that these CMOS micro-LED pixels have
modulation bandwidths which are roughly comparable to that of the bare un-bonded
micro-LEDs, as shown in figure 6.2, which is significantly higher than the 70 MHz
bandwidth of the previous generation of CMOS-controlled micro-LEDs. The simple
control over all elements within a CMOS-controlled micro-LED array also makes multi-
path optical data transmission feasible using a single device. Figure 6.3 shows early
results from optical data transmission experiments using a 450 nm peak emission micro-
LED array controlled by a fourth-generation CMOS chip. 16 micro-LED pixels were
simultaneously modulated with 16 different data input signals, with the optical output
of one pixel imaged onto a photodiode. The psuedo-random input data (green) and
received optical waveforms (yellow) for data transmission at 50 Mbit/s and 133 Mbit/s

are shown in figure 6.3, respectively.

Further work using the time-resolved fluorescence measurement capabilities of the CMOS-
controlled micro-LED arrays, as discussed in chapter 4, is ongoing. Trapping cells using
CMOS-controlled micro-LED arrays using opto-electronic tweezers has already been
demonstrated [2], and the possibilty that the same CMOS /micro-LED device could also
be used to perform a fluorescent lifetime measurement on trapped cells is currently under

consideration.
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FIGURE 6.3: Optical data transmission using a CMOS-controlled micro-LED array.
Courtesy of Dr. Bruce Rae and Mr. Shuialong Zhang.

Promising work towards a high-bandwidth white-emitting (micro-)LED was presented
in chapter 5.4 using CQDs and LEPs in place of the conventional phosphors used in
most commercial white LEDs. However, the modulation bandwidth of a fully-integrated
hybrid device has not yet been demonstrated. Work is ongoing to progress towards this
target, and in the longer term a demonstration of a fully integrated high-bandwidth

white-emitting hybrid device should be feasible.
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Appendix A

Mathcad code for extracting
radiative lifetime from frequency

response measurements

The following Mathcad code was used to extract a value for the fluorescence lifetime, 7,
from the measured frequency response of a light emitting material, which was modulated
by an LED with a frequency response given by Mrrpp. The frequency response of the
light emitting material is defined as M, and the response of the polymer defined as
M. This particular code is only valid when the light emitting material has a mono-
exponential decay. In the example below, the light emitting material is the LEP Red F,
and the LED is a 450nm-emitting 72pum diameter micro-LED.
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First we import the network analyser data for the LED response and the measured
LED + polymer response.

Data :=
0 1
0 -38.064 -46.617
1 -38 -47.266
2 -38.029

We import the measured frequency responses of the micro-LED and the overall system, Mtot.
Note: this data is electrical dB
LEDdata:= Data 0_

Mtot_data ;= Data o

f:= | for i 0. 800

. e
£ |.75-IO_ 3:_ 11500- 7510 7
. 800

£

¢
Define the corresponding frequency range for the Mtot data, i.e. 75kHz to 500MHz, 801 data
points

f2.= | for 12 0. 800

( il
I-|.E000- 7510 3'}

; =
f. « |.?5-[0 )+
! 800

£

¢
Define the corresponding frequency range for LED data, 75kHz to 1000MHz, 801 data points

inter:= cspline(f2, LEDdata)
LED := interp(inter, {2, LEDdata, )
Interpolate LED data over the 75kHz to 500MHz range, for use in our fitting below

Now we convert the measured response data from electrical dB (taken from detector) to optical
dB and then normalise this data.

Ir" LED Ir' Mtot_data
IEDlnear:= 100 2 J.1.100 7  Mrot finear= 100 20 Jp103
LEDnorm:= o il
max( LEDlinear) Mtot_smoothed := medsmooth(Mrtot_linear, 15)

The Mtot data is smoothed

Mtot_smoothed
Mtot_norm:= _—hd
LED meas = 10 log(LEDnorm) T 0

Mtot_meas = 10-log(Mtot_norm)
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Normalised LED and LED+RedF response

3
0 =
2 R
o TN
» LED meas - 3 |
S Mtot_meas .
By mmm -6 L7
5 J
e B )
b
&
- 12 =
0.01 0.1 1 10 100 1¥10°
f:
Frequency (MHz)
Fitting

We will find the best fit to the Red F lifetime, 7, based on the measured frequency
response of the LED, M; g and of the overall system, My Firstly, we shall find the frequency

response of the Red F sample, My, by subtracting M| gp from My.

Mf meas = Mtot_meas - LED meas
We linearise the data, for fitting.

( Mf meas ]
ME =gt D

We define the fit function to be used by Mathcad to find 1 :

=4

[H[” f ]Z:J

{ BRI J
fiGE, Tid).i=
4000000000000 -1 : i f2
3
' %3 5 42
| 14000000000000 -7 =T ~-f + I,| |
guess = 23110

We provide Mathcad with a guess of the 'true' value of 1. This guess is based on streak camera
measurement performed on Red F by Dr. Colin Belton from Imperial College London.

tfit := genfit(f, Mf lin, guess, fit)

This is our fitted value for Tau
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=1
2

2 ]
fitresp(f) = [I +| 2% -tﬁt2
{ 110 8 J
MF_fit:= 10-log(fitresp(f)) This is our fitted Red F frequency response, Mg
3
P3dB = 3
2.1 tfit- I-ID6
[P3dB = 126518 This is the -3dB bandwidth of the Red F material, in MHz.

Now we may use this fitted data to provide an estimation of the overall frequency response, Mgt
o see how closely this compares with our actual measured data.

Mtot_fit:= Mf fit + LED_meas

0 r»-':'mh_b}‘}
Sk
Mtot_fit
- 10
Mtot_meas
= 15
1 | 1 1

- 20
0.01 0.1 1 10 100 1x I[}3
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