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Frontispiece

Figure 1: A single pLED micro-transfer printed onto 30 pm-thick mechanically flexible
glass.

Figure 2: pLEDs integrated with colloidal quantum dot colour converters, illuminated
with UV light.



Abstract

The work presented in this thesis focuses on the transfer printing of InGaN-based blue-
emitting light emitting diodes (LEDs) onto various non-native substrates for visible
light communications applications. The controlled mechanical integration of photonic
structures onto non-native substrates using micro-transfer printing (#TP) techniques
is paving the way to high-performance, heterogeneous and multi-functional integrated

photonic devices.

2pm-thick 100pum x 100pm LEDs are transfer printed onto these non-native, capability-
enhancing, substrates using a modified nano-lithography system. Blue-emitting yLLEDs
in this thin, transfer printable format, were integrated into an array of green-emitting
uLEDs to create a dual-colour pLED on a single chip. This chip is then electrically and
optically characterised and demonstrated to examine its potential for data communi-
cations applications. The same blue-emitting uLEDs are also integrated with colloidal
quantum dot (CQD) colour-converting structures. This yields integrated red, green and
orange colour-converting structures all pumped by the blue-emitting transfer printed
pLEDs. The uTP technique is finally used to fabricate an integrated optical transceiver

device.
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Chapter 1

Introduction

1.1 Motivation and aims

In this chapter, the background and motivations of this thesis are initially presented.
The work involves the transfer printing of blue-emitting indium gallium nitride (InGaN)
light - emitting diodes (LEDs) onto various unconventional substrates for visible light
communications (VLC) applications. Transfer printing means the LEDs are no longer
constrained by the properties of their growth substrate and we can instead tailor-make
substrates to give the LED the capability we desire. InGaN-based LEDs will therefore
be introduced in this chapter. The history and invention of high efficiency LEDs will be
discussed, with a focus on the emergence of the blue InGaN-based LED and how these
devices have impacted our world in the years since their production began. The physics
behind LEDs will then be discussed, and the pn junction and charge transport in LEDs
introduced, before discussing how the introduction of more complex heterostructures
such as multiple quantum wells impacted LED technology. The chapter will end by
introducing visible light communications (VLC) and discuss how LEDs are used in this

exciting, emerging field.
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1.2 Light-emitting diodes (LEDs)

The LED was first discovered by H. Round in 1907 when he noticed that a silicon
carbide (SiC) crystallite would emit light when contacted with two electrodes [1]. LEDs
based on ITI-V semiconductors were then commercialised in the 1960s with red emission
(based on gallium arsenide phosphide (GaAsP)) and green emission (based on gallium
phosphide(GaP)) [2,3] and became widely used as indicator lights, and as screens in
pocket calculators and watches. These red and green (as well as orange) LEDs became
more advanced as technologies improved and it became important to produce similarly
high efficiency blue LEDs going beyond the inefficient SiC blue devices that were first
introduced. This would allow light across the visible spectrum - and crucially white

light - to be produced by mixing light from different LEDs.

Plagued by difficulties in growing good quality gallium nitride (GaN) films, as well
as in achieving p-type GaN, progress to produce blue-emitting LEDs with the III-Vs
virtually ceased from the mid 1970s. High power and efficiency blue-emitting LEDs
therefore proved elusive, until work was done by scientists in Japan to produce the
first high efficiency blue-emitting LEDs (for which S. Nakamura, H. Amano and I.
Akasaki won the Nobel prize in Physics in 2014 [4]). While the rest of the field had
given up, they continued to believe that GaN held the key to the production of highly
efficient blue-emitting LEDs. Problems with growing good quality GaN were solved
by metal organic vapour phase epitaxial (MOVPE) growth combined with an AIN
buffer layer to reduce the effects of lattice mismatch between GaN and the sapphire
substrate [5]. Magnesium (Mg) doping, activated by either electron beam treatment
or thermal annealing, became the solution to growing p-type GaN [6], and in 1994 the
first high-brightness blue-emitting LED was produced by Nakamura at Nichia Chemical
Industries Ltd in Japan [7].

Since the invention of blue-emitting LEDs in the mid 1990s, much work has been done

to improve the performance of LEDs for various applications, further developments
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including the introduction of InGaN ternary alloy structures and multiple quantum
well (MQW) active regions. There are two important parameters for assessing the
performance of an LED: internal quantum efficiency (IQE or iy ) and external quantum
efficiency (EQE or 7nex). The IQE is defined as the number of photons emitted by
the LED per the number of injected charges. As will be discussed later, charges in
semiconductors can combine either radiatively (with the release of a photon) or non-
radiatively (with energy released as heat). The IQE is therefore a ratio of the radiative

and non-radiative recombination:

Pin hv
Mint = Ninj X Mr = It//e (11)

where P, is the emitted optical power from the active region, I is the injected current,
and e the electronic charge. Here, 7;,; and 7, are the electron injection efficiency and
the radiative efficiency, respectively. The latter defines the rate at which radiative

recombination occurs, and can be described using the following:

_ Bn?
"~ An+ Bn?2+ Cn3

M (1.2)
Here A, B, and C are the coefficients associated with Shockley Reed Hall (SRH) recom-
bination, spontaneous radiative recombination, and Auger recombination, respectively.
The SRH and Auger recombinations are both non-radiative. In this equation, n denotes

the carrier density.

It is important to note here that, while true at low current densities, Equation 1.2 does
not completely describe the radiative and Auger recombination rates at high current
density. In this case, the B and C coeflicients can be described by Equation 1.3 and

Equation 1.4. In these, n" is a fitting parameter common between them [8].
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B— Do (1.3)
1+ —
n

S (1.4
1+ —
n

The IQE can also be described in terms of the radiative and non-radiative lifetimes:

Tr_l

Tint = (1.5)

7—r_1 + an_l

where 7, is the radiative lifetime and 7, is the non-radiative lifetime.

In real devices, not all photons generated in the active region are emitted, with some
being trapped internally by total internal reflection or re-absorptions in either the device
substrate or metal contacts. The external quantum efficiency (EQE) is defined as the
number of photons emitted into free space by the LED compared to the number of

injected charge carriers. It can be expressed as:

Next = Mint X Mextraction (1.6)
where,
1
Nextraction ~ Z 5(1 - T)b_lT[er)gl + Rl;n] (1,7)
b=1

Here 7Nextraction 1S the light extraction efficiency. According to Equation 1.6, the light
extraction efficiency is the ratio of the number of photons emitted into free space to
the number of photons generated within the active region of the LED. Equation 1.7 is
based on a mathematical model for random light emission [8]. The b term represents
number of times a light ray is reflected at the exit surface and bounces around within

a device before being emitted. T is the transmission coefficient of the exit surface (in
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this case at the interface with air) and R is the refelection coefficient of the substrate.
The model assumes we only want light emission in one direction - through the LED /air
interface rather than through the substrate. Several techniques are employed during
device design to increase the EQE of LED. Most commonly this involves roughening
or patterning the substrate surface to reduce the probability of total internal reflection
within the LED [9-11]. The model [8] which gives us equation 1.7 assumes the substrate
has been roughened such that total internal reflection becomes impossible and light will

always either escape the LED (at the interface with air) or be absorbed by the substrate.
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Figure 1.1: EQE versus peak wavelength for InGaN and AllnGaP LEDs. Image from
[12]

Figure 1.1 shows the EQE of various commercial LEDs versus peak wavelength, as
reported by Auf Der Maur et al. in 2015. In the yellow-green wavelength region, where
the eye is most sensitive, the EQE is relatively low and a lack of high power LEDs in
this range is dubbed the “green-gap”.

The production of bright, efficient, and cheap red, green, and blue LEDs has resulted
in them now being used in almost every sector of technology, some examples of which

can be seen in Figure 1.2. While still used as simple indicator lights, we now see LEDs
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Figure 1.2: Some applications of LEDs. Shown here are light bulbs, headlights, indica-
tor boards, and LEDs used as display backlights. Images from [13-16]

in displays, car headlights, room and street lighting as well as in medical applications

[18-21].

One of the most important uses for LEDs is for white light illumination, known as
“solid state lighting”, which is paving the way for energy efficient, low cost lighting.
Figure 1.3 shows the increase in efficiency between such solid state lighting and other,
less efficient, forms of lighting. In this figure, the different lighting types are compared
in terms of luminous efficacy in lumens (Im) per watt (W) where a lumen is the unit
of luminous flux (the optical power as perceived by the human eye, see Figure 1.1) -
luminous efficacy is the amount of light per unit of electrical power. In 2014, Cree
Inc. reported an LED bulb with a luminous efficacy of over 300 lm/W [22], a huge
improvement on incandescent lamps with a tungsten filament (under 20 lm/W) and
fluorescent lamps which tend to have luminous efficacies under 100 lm/W. Commercial
white LEDs nowadays routinely have a luminous efficacy of between 100 lm/W and 200

Im/W [23]. Solid state lighting sources also tend to last much longer than incandescent
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Figure 1.3: Comparison of the energy efficiency of several different types of lighting.
Image from [17]

tungsten filament light bulbs - 35,000 hours compared to 1000 hours.

With lighting typically accounting for 15% of domestic energy consumption [24], in-
creasing the effiency of lighting sources is important for reducing energy consumption
and greenhouse gas production. Replacing conventional light bulbs with solid state
lighting is predicted to save 1.9 x 10?2 J of energy over a ten year period. It will also
massively reduce CO» emissions, as well as reducing the emission of other harmful pol-
lutants like sulphur dioxide (SO2)(which causes acid rain), uranium (U), and mercury
(Hg)(which is used in other energy saving bulbs and fluorescent strip lights) [17]. It is
also predicted to reduce crude oil consumption by 962.4 x 10° barrels over the same
10 year time period [25]. The drive towards electrical efficiency and environmental
sustainability has led to incandescent and halogen light sources being phased out, to

be replaced with solid state lighting.

1.3 Semiconductors - Bandgap and the pn junction

LEDs are made from compound (usually group III-V) semiconductors, of which there

are two main types: direct bandgap and indirect bandgap. The periodic arrangement
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and size of atoms in a semiconductor leads to an electronic energy band structure
consisting of a conduction band and a valence band separated by a bandgap (Eg).
Free electrons, when present, can be found in the conduction band, while free holes
are found in the valence band. In Figure 1.4, the conduction and valence bands are
represented over the Brillouin zone, and the band diagram is therefore a plot of energy

vs wavevector of the carriers (electrons) in a material.

When electrons and holes recombine across the bandgap, the excess energy Eg is re-
leased as either a photon - emitting light - or as lattice vibrations (phonons) - releasing
heat. These conditions are known as radiative and non-radiative recombination respec-
tively. As discussed in the previous section, Auger recombination is a third possibility:

the transfer of energy into a third particle (e” or h™) but this will not be discussed here.

In a direct bandgap semiconductor, the conduction band minimum is directly above the
valence band maximum (electrons and holes have the same k-vector (momentum)) and
a direct radiative transition can occur, Figure 1.4 a). In an indirect bandgap semicon-
ductor the conduction band minimum is not directly above the valence band maximum,
and a photon is released along with a phonon in order to conserve momentum, Figure
1.4 b). Photonic applications favour direct bandgap semiconductors for efficient light

emission and absorption.

In the case where an electron recombines radiatively with a hole to produce a photon,
the photon energy (and therefore the wavelength of the photon) is determined by the

energy released (Eg):

he
E,=Ec—Ey~ 5N (1.8)

where F¢ and Fy are the energy at the conduction and valence band edge respectively,
h is Planck’s constant, c¢ is the speed of light, and A is the wavelength of the emitted
photon. Therefore, the colour of light emitted from an LED is dependent on the

bandgap of the material it is made from. As discussed in the previous section, modern-
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Figure 1.4: Schematic band diagrams of a) a direct bandgap and b) an indirect bandgap
semiconductor.

day red-emitting LEDs are based on AllnGaP/GaAs, while blue-emitting LEDs are

based on InGaN alloys, with bandgaps spanning the respective spectral regions.

Formation of alloys is generally possible between semiconductors with similar chemical
and stuctural characteristics. The bandgap and lattice constant (size of the unit cell in
a semiconductor material) of an alloy is intermediate between those of the parent binary
compounds. Figure 1.5 shows the bandgap versus lattice constant of various common
semiconductors. As we see in Figure 1.5, InP has a bandgap of 1.334 eV (corresponding
to light in the IR region) and GaP has a bandgap of 2.26 eV (corresponding to green
light). By changing the phosphorous concentration, the GalnP materials system can

be used to emit light from red to yellow.

Similarly, GaN has a wide bandgap of 3.4 eV corresponding to an emission in the
near UV, while InN has a bandgap which corresponds to emission in the near IR. By
increasing the indium content, the InGaN materials system can be used to produce

LEDs emitting from green/yellow to UV [27-29].

Intrinsic semiconductors contain no impurity atoms. Holes in the valence band are

10
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Figure 1.5: The bandgap with respect to lattice constant (in A, 107'° m) of various
common ITI-V semiconductors. Image from [26].

created when an electron is excited to the conduction band because of an input of energy
(e.g thermal, optical). Under such excitation, the number of holes in the valence band
is equal to the number of electrons in the conduction band and the semiconductor is

neutrally charged. Intrinsic semiconductors therefore have relatively low conductivity.

To increase the conductivity of a semiconductor, impurity atoms called dopants are
added to introduce extra charge-carriers into the semiconductor material. There are two
types of dopant in semiconductors - n-type, where atoms with more valence electrons
than the atoms in the semiconductor are added, and p-type, where atoms with fewer
valence electrons than the atoms in the semiconductor are added. N-type dopants
introduce electrons in the conduction band without introducing holes in the valence
band, while p-type dopants introduce free holes in the valence band. Dopant atoms
require the correct electron configurations to create states with appropriate energies
in the bandgap of the host semiconductor. The dopant atoms must also fit the host

semiconductor lattice with minimal disruption, so atoms from adjacent elements in the

11
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Figure 1.6: a) n-type doping, and b) p-type doping of germanium. Image from [30].

periodic table are preferred. For example, arsenic (As) is in group V of the periodic
table and thus has five valence electrons. This acts as an n-type dopant and introduces
extra electrons when added to germanium (Ge) which is in group IV of the periodic
table and therefore has four valence electrons, Figure 1.6 a). Conversely, Ga acts as a
p-type dopant in Ge as it is in group III in the periodic table and has three valence
electrons and so creates a deficiency of electrons, introducing excess holes into the
semiconductor, Figure 1.6 b). In GaN, as is used in the LEDs fabricated in this work,

Si or Ge are typically used as n-type dopants with Mg used as a p-type dopant.

Semiconductors doped with n-type dopants (free electrons in the conduction band) are
known as n-type semiconductors; semiconductors doped with p-type dopants (free holes
in the valence band) are known as p-type semiconductors. The basis of an LED is the
pn junction, which is formed at the interface between a p-type semiconductor and an
n-type semiconductor. Electrons and holes recombine in an LED across the pn junction

emitting photons. This will be discussed in the following section.

12
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Figure 1.7: a) Schematic of the spatial configuration of a simplified pn junction, b)
the pn junction under zero bias, showing the depletion region and c) the band diagram
for the pn junction under zero bias, where the horizontal axis represents the distance
perpendicular to the plane of the junction.

1.4 The pn Junction

As mentioned in the previous section, electrons and holes recombine either radiatively
or non-radiatively across a pn junction in an LED. Clearly, for efficient light-emission,
radiative recombination is required. Figure 1.7 shows the pn junction. When no bias
is applied, there is a large excess of electrons in the n-type material and a large excess
of holes in the p-type material. There is therefore a diffusion of electrons into the
p-type region and similarly a diffusion of holes from the p-type region to the n-type.
This leads to a region depleted of free carriers - the depletion region (shown in Figure

1.7 b)). With the absence of free carriers in this depletion region, the only carriers

13
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that remain are those from p- or n-type dopants. These charges produce a potential
across the depletion region (Vp) which is in the opposite direction to the electron and
hole diffusion. In Figure 1.7 ¢) eVp represents the potential barrier the charges must

overcome to cross the depletion region, where e is the elementary charge.

Introducing a bias to the pn junction changes the magnitude of the potential barrier
eVp. Under reverse-bias this increases, further impeding the diffusion of charges. Under
forward-bias however, eVp decreases allowing charge to flow across the depletion region
more easily. Thus a current can flow across the pn junction and light will be produced
as recombination occurs. The pn junction under forward bias conditions can be seen

in Figure 1.8. For light to be emitted by an LED, a forward-bias must be applied.

a) 4 -
I
P-type N-type

_

— ﬁ r—
b)
Epp------mmmmn- e
Epp-------ooo-

Figure 1.8: a) a simplified pn junction under forward bias, b) the band diagram under
forward-bias, where the horizontal axis represents distance perpendicular the plane of
the junction.

Figure 1.9 shows the ideal, and non-ideal, current-voltage (IV) characteristics of an
LED. The deviation from the ideal IV characteristic can be attributed to series and

parallel resistances in the diode:

14
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I — Iseev/(nidealkT) (19)
IR, ‘
I (VRR) _ [V - TR/ (igealkT) (1.10)
p

In these equations, R, and R, are the parasitic series and parallel resistance, respec-
tively, and Ig is the current drawn by the device before light emission (also known as
leakage current). The n;geq term is an ideality factor, which is a number between 1
and 2 and increases with increasing current [31]. For the ideal diode mjgeq = 1, al-
though with GaN-based LEDs an ideality factor of much greater than 2 (sometimes
even greater than 5) has been reported [32,33] and is thought to be a result of carrier
leakage through non-ohmic contacts or trap assisted tunnelling in the active region. A
high ideality factor limits the power efficiency of an LED, and so various techniques are
employed at growth level to reduce the occurrences of tunnelling within the LED [34-36]

and therefore reduce n;geq-

In an LED, the forward-bias is increased and once a certain bias, Vq is reached, a
current flows across the depletion region, electron-hole recombination occurs and light
is emitted. This bias, Vg, is known as the turn-on voltage i.e the voltage at which the
LED “turns on” and emits light. In a good device eV is approximately the bandgap
of the active material of the LED, this is illustrated in Figure 1.10Db).

1.5 Charge confinement in LEDs

While a basic pn junction in a direct gap semiconductor functions as an LED, with
the radiative recombination of electrons and holes across the aforementioned depletion
region emitting light, one disadvantage is that the carriers diffuse over a relatively
large volume. This results in a low concentration of minority carriers. The radiative

recombination rate is given by the bimolecular recombination equation [31]:

15
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Figure 1.9: Current-voltage characteristic for a GaAs LED at room temperature. The
ideal current-voltage characteristic shown in the solid curve. The effect of series resis-
tance and parallel resistance (shunt) on the current-voltage characteristic are shown in
the dashed curves. Image from [31].

R = Bnp (1.11)

Here B is the bimolecular recombination coefficient, and n and p are the electron and
hole concentrations respectively. This equation tells us that with low carrier concentra-
tion the rate of radiative recombination is low, and hence the efficiency of the LED is
low. Most high efficiency LEDs are therefore based on a p-i-n junction. Here 4 indicates
an intrinsic semiconductor. A p-i-n junction is therefore one where an undoped layer
of relatively low bandgap is sandwiched between two larger bandgap materials heavily
doped with p- and n-type impurities. This is known as a double heterostructure and

can be seen schematically in Figure 1.11.

In a double heterostructure carriers become confined in the narrow intrinsic region,
increasing the chance of radiative recombination occurring. If this intrinsic active region
is made thin enough, it will become comparable to the de Broglie wavelength for the

confined charge carriers and quantum size effects become apparent. The de Broglie
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Figure 1.10: Room temperature forward voltage and current-voltage characteristics of
LEDs fabricated from different materials. Images from [31].

wavelength is given by:

h h
N = ——— 1.12
p Vom* kT ( )

where m” is the effective carrier mass and p is the carrier momentum. For electrons at
room temperature in GaN the de Broglie wavelength A =~ 10 nm and so when a GaN
intrinsic layer is &~ 10 nm quantum size effects will occur. In this case, the active region

is referred to as a quantum well.

In a quantum well the charge carriers in the low bandgap material have insufficient
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Figure 1.11: The charge distribution and energy levels in a) a pn junction and b)
a double heterostructure. Here the vertical axis is energy and the horizontal axis is
distance perpendicular to the junction. Electrons are shown in black, holes are shown
in white. Image from [31].

energy to escape and so are confined within the quantum well. This can be explained
by considering the active region as a “potential well”, a schematic of which can be
seen in Figure 1.12. This shows the first and second confined energy states, E; and
Eo, within the conduction band and the equivalent first and second confined energy
states within the valence band, E;" and Ey". These states are shown in red and blue
respectively. Above these are shown the probability distribution functions for electrons
and holes for each respective energy. Ey and Ep are the energy gaps in the well and

barrier materials, respectively.

The frequency of light emitted when an electron in a quantum well transitions from

the first state in the conduction band to the first state in the valence band is governed
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Figure 1.12: Schematic showing the first and second confined states within a potential
well.

by:

hv=FEw+E,+E; (1.13)

Because the energy states in a quantum well are quantised, the quantum well will emit
light at discrete wavelengths only. The allowed energy levels within a quantum well

with infinite potential barriers are given by:

n2h?

where L is the width of the potential well i.e. the thickness of the well material in

a quantum well structure. As the well gets thinner, the energy levels become more

19



Chapter 1. Introduction

Quantity Symbol | AIN | GaN | InN | (unit)
Lattice constant ag 3.112 | 3.191 | 3.545 A
Bandgap D 6.28 | 3.425 | 0.77 eV
Refractive index near Eg n 2.15 2.5 2.9 -
Electron mobility L 300 | 1500 | 3200 | cm?/Vs
Hole mobility L 14 3 - | em?/Vs

Table 1.1: Properties of nitride binary alloys.

separated and occur at higher energies which, of course, affects the light emission.
Therefore, altering the width of a quantum well in a p-i-n junction allows for control

over the wavelength of light emitted by the LED.

Most LEDs utilise active regions with several closely spaced quantum wells, which are
referred to as multi-quantum wells (MQWSs). This increases the likelihood of charge

carriers being confined within a potential well, and light being emitted.

1.6 AlInGalN LEDs

The LEDs used throughout the work presented in this thesis are based on the AllnGaN
materials system, the lattice constant and bandgap of which are illustrated in Figure 1.5.
The AlInGaN system is one encompassing three binary alloys: aluminium nitride (AIN),
gallium nitride (GaN) and indium nitride (InN), and their ternary and quaternary
alloys. As seen in Figure 1.5 and discussed briefly in Section 1.3, the bandgap range
in the AllnGaN sytstem leads to the potential of producing LEDs emitting from the
deep UV (AIN) to the IR (InN) by altering the relative mole fractions in the ternary or
quaternary alloys. AIN LEDs with emission down to 210nm have been produced [37].

Some important characteristics of the AllnGaN binary alloys are given in Table 1.1.
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Figure 1.13: a) a schematic (image from [38]) and b) a photograph (image from [39])
of MOCVD reactors.

1.6.1 Epitaxial growth of AlInGaN LED materials

The AlInGaN LED material used in the work presented in this thesis is grown by metal
organic chemical vapour deposition (MOCVD). This involves the epitaxial growth of
thin films of a material on a substrate by a process involving chemical reactions using
gas and/or vapour sources. The MOCVD process involves complex metal organics as
precursor materials which usually have the appropriate reactivity under heating i.e.
bonds between the central metal atom and organic ligands are often weak. This means
these metal organics can act as metal sources for many III-V compound semiconductors
- including those derived from the AllnGaN material system. The typical chemistry

for compound semiconductor deposition via MOCVD is :

Metal alkyl + Non-metal hydride -+ Compound + Hydrocarbon (1.15)

To grow Ill-nitrides, vapours containing gallium, aluminium and indium are created
by introducing trimethylgallium (Ga(CHs)s, TMG), trimethylaluminium (Al(CHs)s,
TMA) , or trimethylindium (In(CHgz)s, TMI) into the reaction chamber. These metal

organic molecules are flowed over the growth substrate which has been heated to
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>1000°C, where they react with ammonia gas (NHjz) which provides the nitrogen
source. The precursor molecules fragment on approaching the hot substrate, and an
ordered array of the desired III-nitride is deposited on the substrate surface. Hydrogen
is used as a carrier gas for the metal organic sources, with the ammonia normally in

large excess.

By varying the composition of the precursor molecules in the reaction chamber, the
properties of the growth material can be controlled. The desired material then builds

up in layers on the growth substrate.

The reaction takes place inside a stainless steel chamber, as in Figure 1.13 a) for the
case of GaN growth, designed to withstand the high growth temperatures and to be
un-reactive with either the precursor molecules or reaction by-products.

1.6.2 Suitable substrates for AlInGalN growth
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Figure 1.14: The crystal structure of GaN, in this case grown on sapphire (001). Image
from [40].

The GaN used in the LEDs throughout this work has a wurtzite crystal structure, as
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illustrated in Figure 1.14. When growing semiconductor materials it is vitally important
to choose a substrate with as little lattice mismatch to the semiconductor material as
possible. This concept of lattice mismatch was briefly touched upon in Section 1.3 in
relation to introducing appropriate dopant atoms into a host semiconductor lattice.
In an ideal case, when growing blue-emitting InGaN-based LED epilayers, a single
crystal GaN substrate would be used and there would be no lattice mismatch between
substrate and growth material. However, bulk GaN is difficult and expensive to make
and so c-plane sapphire (16% lattice mismatch for blue-emission) is conventionally
used as a growth substrate [41]. While this lattice mismatch introduces a relatively
high concentration of 10 cm™ - 10° cm™ threading dislocations in the GaN film, in
contrast to most other semiconductors the presence of so many defects does not rapidly

degrade the electrical or optical properties of GaN LEDs [42,43].
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Figure 1.15: The power vs. current characteristics of a GaN-on-sapphire LED and a
GaN-on-Si LED, adapted from [44]

The blue-emitting InGaN-based LED material used in this work is not grown on a

sapphire substrate but rather on a (111) orientation silicon (Si) substrate. A schematic
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of the LED wafer can be seen in Figure 2.9 in Chapter 2. Silicon substrates are much
cheaper than sapphire ones as well as having the potential for large scale GaN-on-Si
production on large wafers and for integration of Si electronics on the same chip. GaN-
on-Si wafers are therefore of great interest to the semiconductor industry. Another
advantage for LED fabrication from GaN-on-Si is that, because Si has a higher thermal
conductivity than sapphire (1.5 Wem™'K™! and 0.35 Wem™ K™, respectively), LEDs
grown on Si can be driven to higher current densities than those grown on sapphire
but otherwise fabricated identically, as seen in Figure 1.15. This has been reported
in literature by Egawa et.al. [44]. They also report that when the injected current
density reaches 120 A /cm?, the output power is greater in the GaN-on-Si LED than in
a comparable GaN-on-sapphire device. The slower rise in optical power in the GaN-
on-Si device, as in Figure 1.15 can be attributed to the absorption of the emission by

the Si substrate.

A few major drawbacks, however, exist when growing GaN-on-Si. Si forms a highly
stable native-oxide when exposed to an oxygen environment. This must be removed
before MOCVD growth of GaN, and due to its amorphous nature the Si oxide can leave
the Si surface rough causing problems with growing high-quality GaN on the Si surface.
During the MOCVD growth of GaN, Ga also tends to react with Si to create a Ga-Si
alloy which melts into the Si roughening both the substrate and the newly-grown film.
This is known as a “melt-back” etching process, and can degrade the GaN-on-Si as in
Figure 1.16 a). High growth temperatures (= 1100 °C) alleviate this “melt-back” issue,
because high temperatures favour “layer-by-layer” growth of GaN rather than a more
3D-type growth [45]. Due to the highly reactive chemical nature of the precursors,
Ga can end up etching the Si forming “pits” on the silicon surface, which lead to

dislocations in the growth film.

Another drawback is the large lattice mismatch between GaN and Si (17%) and a
large difference in thermal expansion coefficients (33%) which leads to substantial de-
fects propagating through the GaN film, as can be seen in Figure 1.16 b). The large

difference in thermal expansion coefficients means that cracks often propagate in the
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Figure 1.16: A few examples of defects occurring when GaN is grown on Si. a) “Melt-
back etching” destroys GaN grown on a roughened Si substrate [26], and b) the issue of
cracking due to differences in thermal expansion coefficients and their effects on LED
performance [46].

grown material, because the wafer is put under tensile stress during cool-down to room
temperature from the high growth temperature, see Figure 1.16 c¢). Wafer bowing can
also be induced because of strain from this mismatch in thermal expansion coefficients.
To counteract the issues caused by the lattice mismatch and the difference in thermal
expansion coefficients, several methods can be deployed during growth to yield high-
quality GaN grown on Si [41]. For example, growing a few monolayers of AIN and then
a thicker AlGaN buffer layer before the GaN growth [45,47,48]. A SiNy interlayer can
also be used to decrease threading dislocations propagating through the GaN layers.
These interlayers compensate for the strain effects and dislocations and bowing induced
because of the difference in lattice size in GaN and Si. It is these techniques that are
employed by Plessey engineers during the growth of the GaN-on-Si LED wafers used
throughout this PhD. Figure 1.17 shows the emission spectrum from a 300 x 300 pm?
LED. This was fabricated from the GaN-on-Si wafer used in this work, and we see a

single peak at 450 nm.
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Figure 1.17: Emission spectrum from a 25 pym diameter pLLED fabricated from a GaN-
on-Si wafer. The inset shows a broad-area 300 x 300 pm? LED fabricated from a
similar GaN-on-silicon wafer being probed and lighting up.
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1.7 LED design, structure and fabrication

As discussed above, most high-power blue emitting LEDs are fabricated from the Alln-
GaN materials system, with InGaN/GaN MQWs grown on a sapphire substrate. The
devices are fabricated in cleanrooms from GaN-on-sapphire LED wafers, typically con-
taining MQWs around 3 nm-thick with an In molar fraction of 0.1-0.2 or 0.45 for blue
and green emitting LEDs, respectively [43]. First the large wafer is diced into small
chips, with a chip then used to produce several broad-area LEDs, usually with an emit-
ting area of several hundred square microns. The chip is then surface treated with HCI
(to remove any surface oxide) before the deposition of a thick metal current spreading
layer on the top of the p-GaN side of the wafer, which acts both to inject current effec-
tively and also as a mirror to reflect light down in so-called ”flip-chip” LEDs to increase
the light-extraction efficiency. The addition of this metal layer means the majority of
light emitted from the LED will now be through the sapphire substrate, as seen in
Figure 1.18. It is useful to note here that light is emitted from the active region in
an LED in all directions, and the addition of a thinner, transparent current spreading
layer will yield a top-emitting LED with light emitted up, through the p-GaN side of
the LED. However, with light also emitted downwards, top-emitting LEDs have lower
power than flip-chip devices. Therefore, most conventional high-power LEDs are likely

to be in this flip-chip geometry.

Once coated with metal, photolithographic patterning and a series of (inductively cou-
pled) plasma etches are used to etch down through the epistructure to access the n-type
GaN - etching an n-mesa. This is required in order to be able to inject current into the

pn junction.

Once this n-mesa is etched, the pn junction can be electrically accessed and the LED
will emit light under an appropriate bias. Thick metal bond pads are deposited on
to form the p- and n-contacts, and then thermally annealed, to allow the LED to be

driven electrically via bonded wires or direct probing.
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A cross-sectional schematic of an LED fabricated in this manner is seen in Figure
1.18a). Figure 1.18b) shows a section of an array of LEDs fabricated in this manner,

with the p- and n-bonding pads seen in yellow/gold.

a)

Pd (or Ni/Au)
current

spreading layer Ti/Au bond
N pads
p-GaN /

MQWs

Direction of
light emission

Figure 1.18: a)A cross-sectional schematic of a typical GaN-based LED on a sapphire
substrate, and b) a plan view microscope image of a section of an LED array fabricated
on GaN-on-sapphire. Nine LED pixels, with Pd current spreading layers, and Ti/Au
p- and n-bonding pads are shown.

1.8 Micro-LEDs

LEDs patterned via photolithography such that they form an array of separate small-
size LEDs each with dimensions of under 100 ym are known as micro-LEDs (uLEDs).
This contrasts with the typically larger high power, broad-area LEDs which have a
single emission area ranging from 300 x 300 xm? to 1 mm? used for conventional LED
applications (such as solid state lighting). For the same area as a single broad-area
device, there can therefore be an array of hundreds or even thousands of uLEDs. Figure
1.19 a) shows a plan view microscope image of an area of a blue-emitting uLED array

with pixels of 84 pm diameter.

The first electrically-injected AllnGaN pyLED array was demonstrated in 2000 by Jin et
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al. [49]. These were 12 pum diameter disc-shaped pLEDs fabricated from InGaN/GaN
LED wafer as in Figure 1.20 a). Since then, the development of wafer growth techniques
as well as advances in the fabrication and bonding of such devices has lead to large

arrays of uLEDs now being fabricated and several review papers on uLEDs being

published [50-52].

>~ p-contact

(b) p- aN
o . : T n-contact
Maw 7 p-contact 7% $i0,

n-GaN

Sapphire substrate

Figure 1.19: a) A plan view microscope image of a section of an 8 x 8 array of uLEDs
emitting at 450 nm, each 84 pm in diameter with two pixels illuminated and b) a
corresponding cross-sectional schematic of the uLED pixels at wafer level, fabricated
by McKendry et al. [28].

First, the surface of the wafer is treated with HCI before being coated in a thick Pd
current spreading metal layer on top of the p-type GaN to act as a contact/mirror.
The individual pixels are then defined with photolithography and plasma etching (the
details of which will be discussed in detail in Chapter 2) before the array is electrically
insulated with SiO5 to electrically isolate each pixel. Finally thick Ti/Au metal bonding
pads are deposited onto the p- and n-contact of each pixel to allow the pLEDs to be

electrically driven. Much of the uLED work at the Institute of Photonics has also
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used InGaN/GaN MQW wafers on sapphire substrates. The fabrication is outlined
in [28,53]. A simple cross-sectional schematic of two pLED pixels fabricated from this
array can be seen in Figure 1.19 b). These pLED arrays can be designed to be bonded
onto printed circuit boards (PCBs) or onto complimentary metal oxide semiconductor

(CMOS) boards to be electrically addressed.

10 pm

(b)

Figure 1.20: a) A cross-section schematic and b) an SEM image of the first demonstra-
tion of an electrically-injected AllnGaN pLED, from [49].

1.8.1 Characteristics and advantages of yLEDs

Small uLEDs offer several advantages over conventional broad-area LEDs. The opti-
cal power density of a yLED will be higher than that of a broad-area LED with an
identical epitaxial structure. This means that an array of interconnected uLEDs can
be more efficient than a comparable broad-area LED with the same effective active

area [54]. The smaller devices have also been demonstrated as having much shorter
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optical turn-on times than comparable broad-area devices [55]. This makes them useful
for applications requiring short optical pulses or high modulation bandwidths. Because
of their size, pLEDs (and arrays of uLEDs) act almost as collimated light sources across
short distances (comapared to larger broad-area LEDs) and can be easily coupled into
fibres for communications applications [56]. They can also be operated in arrays and

as micro-displays [50,57].

Compared to larger broad-area LEDs, pLEDs have low junction temperatures. A
typical 1 mm? GaN-based LED can have a junction temperature of > 100 °C [58],
while a 20 pm diameter yLED has a junction temperature just 5 °C above room
temperature [59]. Many degredation processes in LEDs are temperature activated;
such as increases in the p-contact resistance over long-term operation, and a decrease
in hole concentration in p-GaN as Mg-H complexes are generated (removing the Mg
dopant atoms). These uLEDs can also be driven to very high current densities, often
> 10 kAcm™ compared to 100 Acm™ for broad-area devices. This allows them to be
driven such that they achieve high optical power and have high modulation bandwidths.
Gallium nitride pLEDs are now routinely fabricated at the Institute of Photonics with
modulation bandwidths of > 100 MHz and optical powers of > 1 mW [60]. The high
modulation bandwidths of uLLEDs is vital to this work and will be discussed further in
Section 1.9.2.

1.9 Visible light communications

It is widely accepted that visible light communications (VLC) is an important emerging
technology. With an ever increasing demand for wireless data communication, current
radio frequency (RF) networks are rapidly becoming insufficient [61]. One alternative
range of communication frequencies is those within the visible spectrum. If we imagine
sending a Morse code signal by flashing a light on and off, we can clearly see that
this is a viable way of sending information. However, to use this light as a sensible

illumination source would be difficult due to it flashing on and off. VLC uses this
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same concept, but the intensity of the light is modulated much faster than can be
picked up by the human eye. This allows room lighting sources to be used with a dual
purpose - illumination and data transmission. The intensity of a visible light source
can be modulated as fast as, if not faster than, current wireless communication speeds
and can therefore be used to send information and meet demands for more wireless

communication bandwidth [52,62].

Due to their cheapness, high efficiency and high power, LEDs are attractive candidates
for VLC applications. The first reported use of LEDs for VLC was in 1999, when
Pang et al. used modulated traffic lights to transmit information [63]. Using small
uLEDs, as will be discussed further in Section 1.9.2, is of interest for VLC as they
benefit from high modulation bandwidths (typically 100s of MHz, which is an order
of magnitude higher than acheived by broad area LEDs) which means they can be
modulated fast enough to be used for high speed data transmission, with speeds over
10 Gb/s from puLED sources being reported [64]. To achieve the high optical power
required for room lighting, these uLEDs can be used in arrays (which are compatible
with CMOS driver boards) or in conjunction with broad-area white light sources. The
data transmission rates can be further increased by using multi-uLED systems, such as
wavelength division multiplexing (WDM) [65,66] where multiple discrete wavelengths of
light are used to transmit multiple data streams simultaneously (this will be discussed
at length in Chapter 3). Spatial multiplexing can also be used to increase the data
rate from pyLED sources. This relies on the spatial separation of several transmitters
and receivers to send multiple streams of data simultaneously [67], with data rates of 7
Mbps achieved using this technique with a specially designed array of pLEDs [68]. In
the remainder of this chapter, the basis of VL.C with a focus on the aspects pertaining

to the work presented here will be discussed.
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1.9.1 Modulation bandwidth

When deciding the viability of an LED device for VLC applications, one of the first
things we look into is the modulation bandwidth. This tells us how quickly the light
intensity can be modulated without distorting the signal. When measuring the modu-
lation bandwidth of an LED in this work, the setup in Figure 1.21 is used to test the

frequency response of the LED.

DC AC

@ Blas-tee Network

Analyser

Figure 1.21: a) A schematic of the setup for measuring modulation bandwidth. The
LED is shown to the left and the photodiode to the right. A photograph b) showing
the LED being modulated and directed at an APD is also shown.

The LED is sent two electrical signals simultaneously: a DC signal and an AC signal.
The DC signal comes from a DC power supply, while the AC component is a modulated
signal sent from a network analyser (Agilent Technologies 8753ES Option 011). The DC

and AC components are both voltage driven, with a modultion about a fixed current
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generating the AC signal. This modulated signal is a sine wave of fixed amplitude and
is combined with the DC signal using a three-terminal bias-tee and sent to the LED.
A three-pin ground signal probe (Cascade Microtech, ACP40-A-GSG-125) is used to
directly probe and drive the LEDs. This probe has a bandwidth of 40 GHz, with the
signal pin placed on the p-pad and the two ground pins on the n-pad to drive the LED.
This setup allows the LED to be driven and modulated, emitting light with modulated

intensity.

The emitted light from the LED is then imaged onto a photodetector and the AC part
of the signal recieved at this photodetector is fed back into the input port of the network
analyser. This signal is then compared to the original AC signal that was sent to the
LED, and a frequency response graph is generated. A typical example of the frequency
response of the yLEDs used in this thesis is shown in Figure 1.22.
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Figure 1.22: A typical frequency response of the blue-emitting pLLEDs used throughout
this work, as measured with the setup in Figure 1.21. The uLEDs used here are blue-
emitting InGaN-based 100 x 100 pm? pixels (fabricated as in Section 2.6) transfer
printed on a glass substrate, driven at 6 mA.

It is important to note that all the modulation bandwidths quoted in this thesis are
electrical-to-optical (-3 dB) bandwidths. The electrical-to-electrical bandwidth (-3 dB)
is defined as the frequency at which the electrical power has dropped by half at DC.

The ratio of electrical output power to the electrical input power (in dB) is given by:
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Thus the electrical-to-electrical bandwidth can be defined as the frequency where the

1
output current is \ﬁ of the input current. Due to the linear light output/ current

relationships of the LED and detector, the electical-to-optical bandwidth is given by:

P
Ro = 10log, ];’f‘t (1.20)
m

I out

m

(1.21)

Hence the (-3 dB) electrical-to-optical bandwidth (the point at which the ratio of output

to input power has reduced by half) is given by:

_ 1 (1.22)
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Therefore, the electrical-optical bandwidth is defined as the point at which the output
1

current has dropped by 3 It follows that the electrical-to-optical bandwidth corre-

sponds to a -6 dB electrical-to-electrical bandwidth [69].

The amplitude of the output power of an AC modulated LED is a function of the
frequency of the AC signal, and defines the frequency response (which is shown in
Figure 1.22). As defined above, the electrical-to-optical bandwidth is taken to be the
frequency at which the response (optical power) has dropped by 50% (-3 dB) of its
initial frequency value. In the frequency response shown in Figure 1.22; the -3 dB point
corresponds to 146 MHz. The frequency response, P(w), and the -3 dB modulation

bandwidth, f3qp, are given by:

Plb)= ——o (1.23)

and

V3

= VO 1.24
f-34B Y- (1.24)

where w is the frequency and 7 is the average carrier lifetime.

1.9.2 Modulation bandwidth of micro-LEDs

Small 4LEDs have been shown to withstand very high current densities up to > 10
kAcm™? DC. As uLEDs are driven to higher current density, the modulation bandwidth
increases, as is demonstrated in Figure 1.23 with smaller devices being able to be driven
harder. This has been explained as being due to a current density dependant reduction

in the differential carrier lifetime 7, which is given by:

1
A+ 2Bn +3Cn?

T (1.25)
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Figure 1.23: Bandwidth versus current density for LEDs of varying diameter fabricated
on a single 450nm - emitting LED chip. Image from [28]

where n is the carrier density, and A, B and C are the coefficients of the rates of SRH
recombination, spontaneous recombination, and Auger recombination, respectively [70,
71]. Smaller LEDs can be driven to higher current density, and therefore n increases
with decreasing size. This means the differential carrier lifetime can become much
shorter in pLEDs than large broad-area LEDs. Therefore, as we decrease the size of a
pLED, we can increase the achievable modulation bandwidth [28,72]. For this reason,
pLEDs are of great interest in VLC research as they can be used for very high speed
data communications, with modulation bandwidths of ~ 1 GHz now being reported for

a single uLED [73].

1.9.3 Data transmission and encoding schemes

When transmitting data with a light source, for a given signal power, the channel
bandwidth limits the maximum data rate. This is shown by the Shannon limit, given

in the equation below:
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Capacity = BW x logy(1+ SNR) (1.26)

where BW is the modulation bandwidth of the channel, and SNR the signal-to-noise

ratio.

Channel Capacity (bits/s/Hz)

0 1 1 1 1
0 20 40 60 80 100
SNR

Figure 1.24: Channel capacity as a function of SNR, from [74].

When this function is plotted graphically, as in Figure 1.24, we see that increasing the
SNR gives diminishing increases in capacity. At sufficiently low power, as with uLEDs,
the SNR is low and the capacity increases linearly (as at the lower end of the curve in

Figure 1.24) and the Shannon limit can be approximated as:

Capacity ~ BW x Power (1.27)

Therefore there are two ways of increasing the channel capacity i.e. the number of
transmitted bits per second. One is to increase the SNR by increasing the power, but
this becomes an issue for battery powered or mobile devices. The other alternative
is to use more bandwidth. Data encoding schemes can help with this, and multiple
levels can be introduced to make the most of available bandwidth. This is what will

be discussed in the following.
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Figure 1.25: The time waveforms of a) OOK and b) 4-PAM for a binary input sequence
of 110100100011 for the same data rate.

As discussed at length in the previous few sections, VLC relies on the ability to mod-
ulate the intensity of a light source to transmit information. When transmitting data
optically, the simplest way of encoding this data is in the amplitude (intensity) do-
main. Data encoding schemes falling into this category are on-off keying (OOK) and
pulsed amplitude modulation (PAM). This sub-section will discuss these amplitude

modulation data encoding schemes for VLC.

Figure 1.25 a) shows the basis of OOK as a way of encoding data. A stream of bits
is transmitted in a binary form, i.e. to send the bit 1 the optical source is driven at
a specific current, and to transmit the bit 0 the optical source is switched off. The
modulated signal is generated, in most cases, by the use of an electrical wave signal
in the shape of the bit stream to modulate the intensity (amplitude) of the optical
emission. This explanation is rather simplified, in many real-life OOK systems, data is

sent as a small signal modulation on a DC intensity i.e. not between a specific current
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and zero current, but rather between two non-zero intensities.

Because OOK has only two levels with which to send information, the data transmission
rates are limited by how quickly the source can be turned on and off. A more complex,
but faster, way of transmitting data is to introduce more levels at intermediate stages
between on and off. This is known as pulsed amplitude modulation (PAM), and is
shown schematically in Figure 1.25 b). PAM makes use of the ability to vary the
amplitude of individual pulses in a regularly timed sequence of electromagnetic pulses.
This is done by varying the drive voltage or optical power of the light emission. The
relationship between the number of bits transmitted and the number of discrete levels

is given by:

M =2" or m=IloggM (1.28)

where m is the number of bits to be encoded, and M is the number of levels [75]. For

example 4-PAM has 4 different levels, while 8-PAM has 8 different levels.

A third modulation scheme, partially based on amplitude modulation is Quadrature
Amplitude Modulation (QAM). Here the data is encoded through both the amplitude
and phase of the signal, which tends to be sinusoidal. The amplitude of two sinusoidal
waves with the same frequency, but 90° out-of-phase with each other is modulated.
Therefore such phase modulation schemes use the available bandwidth more efficiently

than modulating with amplitude only.

Usually QAM is represented by a constellation diagram, with the number of constituent
points representing the allowed levels for encoding data. The more points in the constel-
lation, the more bits per symbol it is possible to encode. Figure 1.26 shows a 16-QAM
constellation, with the amplitude, phase and data information shown to encode two

possible bit streams.
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Figure 1.26: Schematic of a 16-QAM constellation and a table with two possible com-
binations of amplitude, phase and data. This QI (where Q is phase, and I is amplitude
(or intensity)) diagram shows 4 different amplitude levels, allowing for 16 QAM levels.

Frequency modulation

Another way of transmitting a bit stream, where each bit is represented by a dif-
ferent condition (e.g. different voltage levels) is to modulate data in the frequency
domain. This is known as frequency division multiplexing. Orthogonal frequency di-
vision multiplexing (OFDM) is a high level data encoding scheme used to increase the
data transmission speeds from optical sources compared to those that can be achieved
with amplitude modulation schemes like OOK, PAM and QAM. OFDM [76,77] modu-
lates the data carriers orthogonally, increasing the bit stream transmitted by an optical

source.
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Figure 1.27: a) Representation of a bit stream and b) its division into sub-carriers.

In OFDM, the bit stream is initially split into smaller sub-carriers, and modulated
using QAM (or another phase modulation scheme such as phase-shift keying modula-
tion). Figure 1.27 shows a bit stream and its sub division into four sub-carriers, each
represented by 6 bits. Once divided into sub-carriers, the bit stream is modulated. This
modulation uses mathematical formulae to turn each sub-carrier bit stream into a sinc
function, as in Figure 1.28. The sub-carriers are orthogonal and so can be distinguished

from one another.

The resulting OFDM signal is made after combining these sub-carrier sinc functions
with an inverse fast Fourier transform (IFFT). This converts the signal from the fre-
quency domain (as in Figure 1.28) to the time domain. A digital to analogue conversion
is performed on the resulting spikes, from the IFFT, to give the final OFDM signal. A
typical OFDM signal, as in [78], is seen in Figure 1.29.

In VLC, the receiver will detect only the modulated intensity of the light emitted
from the source. This means that the transmitted signal must be both positive and

real. Therefore in the work presented here, OFDM is implemented using intensity
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Figure 1.28: Schematic of the subcarrier signals in the frequency domain in an OFDM
data encoding scheme. Here the horizontal axis is frequency, and the vertical axis
amplitude. Image from [76]
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Figure 1.29: Amplitude of the signal at the output of the IFFT and the continuous
OFDM signal after digital to analgogue conversion conversion. Image from [78]

modulation/ direct detection (IM/DD) which differs from conventional OFDM ( which
uses phase and amplitude modulation). In IM/DD, Hermitian symmetry is imposed
before the IFFT to generate a real output. A DC-offset addition is used to prevent
negative intensity, as outlined in detail in [79]. Figure 1.30 shows the IM/DD OFDM
process for VLC in a block diagram. As previously discussed the pLEDs used for
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data transmission in this work are powered with both a DC (for illumination) and AC
(for communication) signal. This is done in the electrical domain by modulating the
voltage sent to the uLED. The Hermitian symmetry and IFFT then are performed on
this electrical signal and a real intensity modulated signal is generated. Once at the

receiver (APD) this is converted back to an electrical signal.

Hermitian IFFT Optical Optical
symmetry performed: intensity detection:
applied: OFDM modulation Optical signal
Real signal signal converted to
Datain | generated generated electrical signal Data out
— ¥ —_—

Figure 1.30: Block diagram showing the IM/DD OFDM process.

It is important to note here that the data transmitted can only be useful if it can
be separated from any noise or error in the system. Forward error correcting (FEC)
is a technique used to control errors in data transmission. This technique sends a
redundant stream of bits along with the actual data stream, and the receiver only
accepts data arriving that agrees with the redundant stream. When applied to a system,
this allows the system to correct for errors up to a certain level and the signal can be
transmitted error-free. The FEC level used throughout this work assumes error-free
data transmission down to a bit error rate (BER) of 3.8 x 103, BER is the percentage

of bits that have errors relative to the total number of bits received in a transmission.

1.9.4 Decoding data from modulated light

OFDM is used to encode the data transmitted by different light-emitting devices fab-
ricated with uLEDs in all of the data transmission experiments presented throughout

this thesis. The setup for measuring the data transmission characteristics is seen in
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Figure 1.31.

A modulated signal is sent to a pLLED by using a bias-tee to combine a modulated AC
OFDM signal from a signal generator and a DC signal from a power supply. The uLED

then emits a modulated optical signal.

DC AC :
— Bi — Signal
las-tee generator
AC+DC l 77 Y

AC
_______ — Oscilloscope

Figure 1.31: Schematic of the typical setup for measuring the data transmission rate
from a pLLED. the pLED is on the left and the photdiode is on the left.

This modulated optical signal is directed at a photodetector, based on a reverse-bias
p-n or p-i-n junction (refer back to Section 1.4 for details). Photons absorbed in the
depletion region, which is in the presence of an electric field, generate an electron-hole
pair which will drift to the n- and p-type layers respectively causing a flow of electric
current. An electron-hole pair generated by a photon outside the depletion region, and
so not in the presence of an electric field will recombine and not contribute to any
electric current. If a photon is absorbed outside, but close to, the depletion region, the
resulting electron-hole pair can drift into the depletion region and contribute to the

flow of current. These three situations are depicted in Figure 1.32.

In the work done in this thesis, avalanche photodiodes (APDs) are used to detect
modulated light emitted by the uLEDs. APDs are p-i-n photodetectors in which the
junction is biased near its breakdown voltage. This means that electrons and holes
generated by the absorption of a photon collide with atoms in the crystal lattice of
the n-type layer and p-type layer respectively emitting more free carriers, which causes

an avalanche effect [80]. The APD is therefore used to convert the modulated optical
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Figure 1.32: Schematic of a reverse-biased avalanche photodiode. Three incident pho-
tons are shown. 1) Diffusion of an electron and hole into the depletion region, 2) Ab-
sorption of a photon in the depletion region, causing the formation of an electron-hole
pair, and 3) the annihilation of an electron-hole pair.

signal emitted by an optical source to an electrical signal. This electrical signal is sent

to an oscilloscope and decoded to determine the data transmission rate.

1.9.5 Colour-conversion for white light VLC

As discussed earlier in this chapter, it is anticipated that solid state lighting will replace
almost all other sources for lighting over the coming decades [17] as their cost decreases
and efficiency continues to grow. With this, VLC capabilities could be added to white
light room lighting sources to give them the dual-purpose VLC aims for. These illumi-
nation sources, as discussed in Section 1.9, will need to be modulated fast enough to

a) not be seen to be flickering by the human eye, and b) to transmit data quickly.

Current solid-state white light sources make use of a blue-emitting GaN-based LED
and a rare earth down-converting phosphor to produce white light. The most common
phosphor for this is a cerium doped YAG (Ce:YAG), which is suspended in the epoxy
dome covering the blue LED, as seen in Figure 1.33 a). The spectrum emitted from an

LED with this blue LED/ yellow phosphor combination can be seen in Figure 1.33 b).
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Figure 1.33: a) A blue LED combined with a yellow phosphor to produce white light,
as seen in b) the spectrum of the emitted light. Images from [31].

Blue LEDs, even broad area high power ones, have modulation bandwidths on the
order of < 20 MHz. These rare earth phosphors, however, have long upper state
lifetimes (100s us) and therefore cannot be modulated fast enough for VLC (according
to Equation 1.24). Therefore, in order to create a viable VLC white-light source,

alternative colour converting materials must be found.

Colloidal quantum dots (CQDs) have =~ 10s ns fluorescence lifetimes, much shorter than
rare earth phosphors, and so are more suitable for VLC applications. They can convert
blue light to light across the visible range. These will be discussed in detail in Chapter
4. Fluorescent organic materials are also much faster than rare-earth phosphors. Such

fluorescent materials are utilised in the work discussed in Chapter 5.

One advantage other than speed of data transmission is that CQDs are capable of
producing light at a higher colour rendering index than a standard phosphor-based

white light LED. Figure 1.34 show the colour rendering index for a typical phosphor-
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based white LED compared to those made with CQDs and organic materials.

0.9
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Figure 1.34: The CIE coordinates for a) a phosphor-based white LED, b) a uLED -
organic material hybrid [81], and c¢) a pLED - CQD hybrid [82].

1.10 Summary

This chapter has introduced LEDs and the physics behind their operation. In partic-
ular, the ITI-V semiconductor materials have been discussed with an emphasis on the
AllnGaN ternary alloys and their growth for use in LEDs. The pLED was introduced,
and the specific capabilities of these discussed in detail. VLC was then introduced,
with discussion on how it is used for various state-of-the-art applications. The impor-
tant features of the of VLC experiments presented in this work, such as modulation
bandwidth and data encoding schemes for fast data transmission, have been outlined.

The concept of colour-conversion for VLC was introduced at the end of the chapter.
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Mechanics of Micro-Transfer
Printing and Associated Device

Fabrication

This chapter introduces the micro-transfer printing (¢TP) technique. The technique
will be discussed in detail, from its beginnings to how it is used in this work. The
physical mechanisms behind TP and how it is used to pick up and print objects will
be explained before discussing how we have been using the technique at the IoP and
specifically in this PhD work. The device fabrication associated with TP will then be
described. Detailed discussion of the fabrication processes and the tools used will be

followed with examples of how the tools are used to fabricate TP LEDs.

2.1 Introduction to Micro-Transfer Printing

The pTP process is a technique for the heterogeneous integration of pre-fabricated
micro- and nano-scale semiconductor devices with non-native substrates. In its sim-

plest embodiment, TP is analogous to printing ink onto paper with a rubber stamp.
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However instead of ink from an ink-pad, small semiconductor devices are picked up
from their growth substrate and instead of printing onto paper, a wide range of sub-
strates can be utilised in the pTP process. The uTP technique takes advantage of
the ability to manipulate the adhesion forces at the interface between different mate-
rials during the pick-up, transport, and printing of nano- and micro-sized structures
from their growth substrate to new capability-enhancing substrates. Semiconductor
devices are fabricated for TP such that they can be easily removed from their growth
substrate and picked up with an elastomeric stamp. The device is then transported
on the elastomeric stamp to a non-native receiver substrate and printed onto it. The
stamps required for the pick up, transportation and printing of these small semiconduc-
tor devices are fabricated from PDMS (polydimethyl siloxane) or similar elastomeric
material. Over the past decade or so, the Rogers group, formerly at the University of

linois, has pioneered and optimized these stamps and the TP process [83-85].

One example of how the pTP technique could have an impact is that it has the capacity
to print compact, large area arrays of inorganic semiconductor devices onto mechani-
cally flexible substrates, creating arrays of devices no longer limited by the rigidity of
their native growth substrate. Since its conception TP has been used to print such
flexible arrays, with uTP of LEDs, VCSELSs, photodiodes, and nanowire arrays onto
flexible polymer substrates being reported [86-89], some examples of which can be seen
in Figure 2.1. Clockwise from top left, this figure shows a flexible LED display on
polyethylene terephthalate (PET) [89], an LED array integrated by uTP on PET [83],
a flexible micro-needle with yTP LEDs for optogenetics applications [90], and a single
LED printed on a flexible polymer substrate [90].

The pTP technique is also promising for realising the integration of III-V optoelec-
tronic components with silicon (Si) circuitry. DeGroot et al. have recently reported
wTP for integrating III-V light sources onto an SOI (silicon-on-insulator) waveguide
structure [92] and Loi et.al. have demostrated pTP-integrated indium phosphide (InP)

communications wavelength lasers onto Si substrates [93].

At the Institute of Photonics, colleagues have recently reported the uTP of micro-sized
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Figure 2.1: A few examples of transfer printing demonstrations on flexible substrates
for various applications. Images from [83] and [89,91]

LEDs with nano-scale printing resolution onto unconventional, capability enhancing,
substrates [94, 95], and have more recently demonstrated uTP of InP nanowires on
different rigid and flexible substrates. One advantage of the ability to print devices
without the use of an adhesive interlayer, as in [95] and [96], is that uTP can be
executed on rigid substrates (such as diamond) for effective heat transfer to improve
the electrical performance of the TP devices. This will be discussed further in section

4.3.1.

2.2 The Transfer Printing Mechanism

PDMS is used for stamps in TP processes because of its viscoelastic properties. Vis-
coelastic materials experience both viscous and elastic characteristics under deforma-
tion. While viscous materials resist shear flow and strain linearly with time when a

stress is applied, elastic materials strain when stretched and return quickly to their
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initial state once the stress is removed. Viscoelastic materials exhibit time dependant
strain i.e. they return slowly to their initial state. The more viscoelastic a material,

the slower the return is to the initial state.

Viscoelasticity occurs in a material because of a rearrangement of the molecules within
it. When stress is applied to a polymeric material, some parts of the polymer chain
change position. Polymers will remain solid even when this rearrangement is happening
in order to accommodate the stress, creating a built-up back-stress. When the applied
stress is taken away, the accumulated back-stress causes the polymer to return to its
original form, which occurs slowly. It is these viscoelastic properties that are manipu-
lated in the TP process to kinetically control the adhesion forces during the transfer

of devices.

Stamp compression to pick-up
Maximum adhesive force on top of
the platelets

Stamp relaxed to print
Minimum adhesive force

Figure 2.2: Reversible adhesion and geometry of the PDMS stamps used to pick up and
print devices in the transfer printing process. The a) pick-up and b) printing conditions
are shown, as is a schematic ¢) and an SEM image d) of the stamp.

During device pick up, the PDMS stamp is pressed into contact with the device and the
PDMS conforms to the device surface Figure 2.2a). Because the PDMS is viscoelastic,

and it does not return to its initial shape quickly, fast retraction of the stamp picks
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up the device. Figure 2.3a) shows the mechanics for device pick-up: the stamp must
be retracted quickly enough such that the adhesion between the stamp and device is

greater than the adhesion between the device and the donor substrate.

To print the device onto a receiver substrate, the stamp is slowly retracted from the
device, Figure 2.2b). This allows the stamp to gently peel away from the device surface

and return to its original form, minimising the adhesion force [97].

While the slow retraction of the stamp minimises the adhesion force, the adhesion force
between the device and the receiving substrate must be greater than that between the
stamp and the top of the device for the device to be released. This requires the contact
area on the top of the device to be less than that on the bottom of the device. This can
be achieved with careful stamp design. Figure 2.3b) shows the mechanics for device
printing: the stamp must be peeled up from the device so as the adhesion between the

device and the receiver substrate is greater than the adhesion between the device and

the stamp.
4 b)“ .

a) Rate-dependent adhesion between Rate-dependent adhesion between
elastomeric stamp and the semiconductor elastomeric stamp and the semiconductor
device \ device \
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Figure 2.3: The mechanics of device a) pick-up and b) printing.

The geometry of the elastomeric stamps used throughout this PhD, and as illustrated
in Figure 2.2 ¢), is a cubic main body with a pyramidal protrusion on each of the

bottom corners.
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The introduction of compressible pyramidal protrusions on the stamp means that the

contact area between the stamp and device can be altered as desired [83].

Figure 2.4: Microscope images of a section of an LED array as an LED is being picked
up. a) The stamp is slowly brought into contact with the LED and compressed until
“roof collapse” can be seen as in b) and, after fast retraction, the LED is picked up as
in c).

During pick-up, these pyramids are compressed into the device until the stamp roof
(the area between the pyramids) is collapsed (“roof collapse”) maximising the contact
area. This is seen in Figure 2.2 a). Once the roof of the stamp has fully collapsed, the
stamp is retracted quickly away from the donor substrate. The PDMS does not have
time to react and the device is pulled up with it. After device pick-up the pyramids on
the bottom of the stamp push the device out and the roof relaxes back to its original
shape. However, the viscoelastic nature of the stamp means the pyramid tips have
enough adhesion to keep hold of the device. When the device is placed on the receiver
substrate, adhesion becomes greater between the substrate and the back of the device
than between the pyramid tips and the device because of the difference in surface
area. This situation is seen in Figure 2.2 b). The device can therefore be released
onto the receiver substrate. Microscope images of device pick up; from contact, to
“roof collapse”, to quick retraction of the stamp (which picks-up the device) are seen

in Figure 2.4. Here we are using the system to be described in Section 2.4 below which
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contains a camera allowing a top-down view through the transparent stamp as the

printing process proceeds.

2.3 Elastomeric Stamp Fabrication Process

The 100 x 100 pm? stamps are fabricated, as in Figure 2.5, by first producing a hard
mould on a Si substrate before infilling with liquid PDMS. The fact that potassium hy-
droxide (KOH) can be used to etch square mask features producing pyramidal recesses

into the silicon is exploited to fabricate the hard mould for PDMS infilling.

- = '

Thick SU-8 patterning

Silica
a) mask

patterning

PDMS Stamp
poured peeled from

into mould after
mould settlng

Figure 2.5: a) A schematic of PDMS stamp fabrication process on a silicon substrate
(grey) and b) an SEM image of the stamps used in this work, taken from the bottom
surface to show the pyramid tips.

KOH etches different Si planes at different rates and so can be used to selectively etch
it in one crystal direction. Si(111) planes etch around 100 times slower compared to
the other orientations, and therefore Si will be etched quickly in all directions until
the Si(111) plane is reached [98]. This means that aligning mask features to certain
crystallographic planes can induce different etch geometries in the Si. As just men-
tioned, square mask features will produce pyramidal recesses where the angle between

the surface planes and recessed sidewalls is 54.7°.
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The stamp fabrication process begins by masking a Si wafer with a layer of SiOs
before pattering with features correctly aligned to expose the desired crystallographic
planes. The protective SiOs is etched through, see Figure 2.5, and the Si (100) planes
are exposed and wet etched using an alkaline potassium hydroxide (KOH) solution,
creating the pyramidal protrusions. Full details on the etching mechanism involved in

this KOH wet etch of Si can be found in Section 2.6.4.

After building a hard mould for the main body of the stamp with SU-8 (a photoresist),
liquid PDMS is poured into the mould and allowed to solidify overnight. The PDMS

can then be peeled from its mould, completing the fabrication process. .

PDMS is transparent, conformable, and non-toxic and so ideal for stamp fabrication.
It is made of long siloxane polymer chains which, combined with its high molecular
weight, make it unusually highly viscoelastic [99]. PDMS comes as a two-part liquid
compound that will cure, over time, at room temperature. It is supplied as a PDMS
base material (RTV615A, Silicone solutions) and a curing agent (RTV615B, Silicone
solutions) When mixed with the appropriate curing agent, the polymer chains in the
PDMS base material increase in length, increasing the viscoelasticity of the PDMS.
The flexibility (or rigidity) of the PDMS stamps can therefore be tailored by adapt-
ing the ratio of PDMS base material to curing agent to give the best pick-up/release
characteristics. To fabricate the stamps used in this work, the PDMS base material is
mixed with its curing agent in a weight ratio of 8:1, poured into the mould and left to
set overnight. Once set, the stamp is peeled from the hard mould for use in the yTP

process.

2.4 Micro Transfer Printing with a Modified

Nanolithography System

For the uTP presented in this work, a modified nanolithography system (Nanoink NLP
2000) is used to pick-up, transfer and print 100 gm x 100 gm InGaN-based blue-emitting
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Computer

Sample stages interface
and stamp

A

Lamp for
microscope

Figure 2.6: The NLP setup in the lab. Sample stages, and the computer interface can
be seen.

pLEDs (see Section 2.5 for details). The NLP was designed to ink different areas of
a substrate via an atomic force microscopy (AFM) tip. This tip could be dipped in
liquid-filled reservoirs and the liquid precisely deposited onto a sample, with nanometre
precision, through the positioning of very accurate piezoelectric sample stages. This
system has large area scalability, and is capable of printing over an area of 10 cm x
10 cm. The NLP piezoelectric stage positioning is controlled by a computer interface,
seen in Figure 2.6. The magnified image of the samples on the stage can be seen in

real-time through an integrated microscope system of magnification 20x.

This NLP tool has been modified for pTP to hold the elastomeric stamps (fabricated
as in Section 2.3) in the place of the AFM tip the machine originally held. Because the
PDMS stamp is transparent, the printing process can be viewed and recorded through

it with the integrated microscope on the NLP system. The modifications to the NLP
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Figure 2.7: NLP toolhead modified for the uTP process.

tool for uTP can be seen in Figure 2.7. The stamp holder can be seen, above the
positionable sample stage. Instead of picking up liquid from a reservoir and inking it
onto a reciever substrate, the system is now used to pick up semiconductor devices and
“print” them onto a reciever substrate, taking ~ 30 s per pick-up and printing step.
This, combined with the piezoelectric stages which move the sample staging, allows for
nanometre printing precision which has been reported down to £25 nm by Trindade
et al. at the Institute of Photonics [94] using this NLP tool. As demonstrated in this
work, the NLP has the potential to print large area arrays of closely packed LEDs
with very high placement precision. This is, to our knowledge, the most precise uTP
system yet developed - compared to previous best printing precision between 3 ym and
1 pm [100,101]. A data sheet for the NLP tool can be found in the appendices at the
end of this thesis.

58



Chapter 2. Mechanics of Micro-Transfer Printing and Associated Device Fabrication

Figure 2.8: Microscope image of a suspended LED array. The anchors attaching the
devices to the growth wafer are shown upper left and bottom right for each uLED. The
n-mesa is lower left in each case and of quarter disk format.

2.5 Suspended LED Fabrication Process Flow

For the work presented here, arrays of ultra-thin (2 pm thick) 100 pm x 100 gm GaN-
based puLLEDs were fabricated for the uTP process that are easily removed from their
growth substrate (Figure 2.8). The underlying silicon substrate is removed, leaving an
array of uLED membranes suspended on sacrificial anchors designed to break when a

force is applied with the PDMS stamp during device pick up.

A plan view image of a section of an array of these uLEDs, suspended in air by sacrificial
anchors is seen in Figure 2.8. The pLLED pixels match the size of the PDMS stamp
used in the uTP process. The uLED fabrication is described in the remainder of this

chapter, after a description of the fabrication tools and techniques used.

The rest of this chapter will now describe the process flow of pLED fabrication. For
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simplicity, Figure 2.10 shows the process flow for the fabrication of a single one of these
ultra-thin suspended puLEDs from a fabricated array of thousands (supporting anchors

are not shown).

p-GaN (140 nm)

Undoped GaN (300 nm)

Figure 2.9: Schematic of the as-grown GaN-on-Si wafer used for suspended pyLED
fabrication.

The pLEDs are fabricated from a GaN-on-Si(111) wafer, grown by Plessey semicon-

ductors. A (not-to-scale) schematic of this wafer is shown in Figure 2.9.

This wafer is first diced into 1.5 cm x 1.9 cm chips to match the photolithography masks

used in the process. The array of pLEDs is then fabricated on one of these chips.

The first step in the pLED process is to etch an n-mesa to access the n-GaN layer and
therefore the pn junction. This is done with an inductively coupled plasma (ICP) etch.
Once the n-mesa is etched, a protective layer of SiOs is deposited with the plasma

enhanced chemical vapour deposition (PECVD) tool.

A deep reactive ion etch (RIE) is then performed through the protective SiO2, InGaN
LED epilayers, and 7 pm into the Si substrate. This is done to define the supporting

anchors and will allow KOH to access and attack the Si substrate during the following
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Figure 2.10: uTP puLED fabrication process flow for pTP. The respective layers are
Pd (yellow), SiO2 (green), p-GaN (teal), MQWs (purple), n-GaN (blue), AlGaN buffer
layers (red), and Si substrate (grey).

wet etch process.

The Si substrate is removed from underneath the pLED pixels using a hot KOH under-
etch. This leaves just the InGaN puLED epilayers suspended on two sacrificial anchors,

as indicated in Figure 2.8.

Once the pLEDs are suspended, a 90 nm Pd layer is deposited on the sample with the
electron-beam (e-beam) deposition tool. This is then patterned and etched in an RIE
process to define the current spreading layer. The metal is then annealed at 305°C
to form a contact on the p-type GaN with low resistivity, completing the suspended

pLED fabrication process, and the uLLEDs are ready for pTP.
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a)

Figure 2.11: a) and b) Schematic representation of a suspended pLED pixel seen from
two different angles. This yLED is 2.4 pm thick, and 100 x 100 pum in size.

Figure 2.11 shows a schematic of a single suspended uLLED as fabricated in the process

seen in Figure 2.10.

2.6 Cleanroom processes for LED fabrication

2.6.1 Photolithography

Photolithography is a common technique in the semiconductor industry for pattern
definition. It uses light to transfer patterns from chrome and glass masks to photosen-
sitive materials known as photoresist (PR). Upon exposure to UV light, the chemical
composition of PR changes and reacts with a corresponding developing solution dif-

ferently to unexposed PR. Therefore with a patterned mask placed between the PR
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Figure 2.12: a)Photograph of the MA6 mask aligner used for photolithography and b)
a typical spectrum of a high pressure mercury vapour arc-discharge lamp [102].

coated sample and the UV light, blocking certain areas from being exposed, the PR

becomes patterned. This PR acts as a protective mask in subsequent etching steps.

There are two types of PR, positive and negative. Positive PRs are changed by exposure
to UV light such that they will dissolve in suitable developer. The areas to be removed
are therefore unmasked during UV exposure. Conversely, negative PR becomes cross-
linked upon exposure to UV light, while the unexposed regions will be washed away in
developer. This means that regions on a sample to be covered with the resist pattern
are left exposed to the UV light by the mask. For most of the steps in the yLED
fabrication process outlined here, the pattern is defined with a negative PR (Microresist

Technology, MA1410).

In regular photolithography, such as that used throughout this work, the resolution (R)
is given as :
A

—_— 2.1
RocNA (2.1)

where NA is the numerical aperture of the mask aligner, and A the wavelength of the

light.

In the cleanroom we use a Karl Suss MA6 mask aligner, a photograph of which can

be seen in Figure 2.12 a). This consists of lamp housing, a microscope system, and

63



Chapter 2. Mechanics of Micro-Transfer Printing and Associated Device Fabrication

®_

13.56MHz

TABLE e GAS IN
POWER

TOP ELECTRODE

| | |—

CHAMBER
i ' HEATED TABLE
— PUMPS

Figure 2.13: Photograph of the PECVD machine used in the cleanroom, and a
schematic diagram of the chamber. Schematic taken from [103].

sample chuck and mask holder. The microscope in this mask aligner is used to view
both the mask and the sample simultaneously and align the pattern on the mask to the
desired area on the sample (usually with the help of pre-patterned alignment marks).

The sample chuck can be moved in the x, y and 6 direction to give precise alignment.

The lamp housing accommodates the UV light source - a high pressure mercury dis-
charge lamp - and the associated electronic circuitry. A typical mercury arc-discharge
lamp spectrum is seen in Figure 2.12 b). The wavelength of this lamp centres around
350 nm-450 nm and so the minimum resolvable feature size for patterns made with this

mask aligner is 2um (see Equation 2.1).

2.6.2 Plasma Enhanced Chemical Vapour Deposition

In our cleanroom, an Oxford Instruments plasma enhanced chemical vapour deposition
(PECVD) tool [103] is used to deposit dielectric layers, such as silicon dioxide (SiOz2)
and silicon nitride (SiNy), on samples for use as an insulation layer or a hard mask for

subsequent etching steps.
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The PECVD chamber consists of two electrodes; one heated bottom electrode on which
the sample sits, and an RF driven top electrode. Gas is injected into the chamber
via a “showerhead” on the top electrode and a plasma is generated between the two

electrodes, see Figure 2.13.

The PECVD system is primarily used to grow SiOs on the surface of samples. This
is done via an interaction between silane (SiH4) and oxygen (O2) which are injected
separately into the PECVD chamber through the showerhead on the top electrode. The
bottom electrode, on which the sample is placed, is heated to 300°C and the following
surface reaction occurs:

SiH4+ Oy — Si0O9 + 2H5 (2.2)
This leaves a layer of amorphous SiOy on the sample surface [104].

In the suspended uLED fabrication process, after etching the n-GaN mesa, the sample
is coated in a 1 um thick layer of SiOo. This is done with a 170 sccm SiHy and a 750
scem NoO (to provide the oxygen as in Equation 2.2) flow at 300°C. This SiOq layer
acts as a protective hard mask in subsequent etch steps, as described in section 2.6.3.
It also supports the fragile LED epilayers during the underetch to remove the silicon

substrate (see section 2.6.4).

2.6.3 Plasma Etching

Plasma etching is used for its anisotropic nature and the production of vertical sidewalls.
In a plasma etch, a material is exposed to gaseous etchants which remove the exposed
surface by either physical bombardment or chemical reactions [105]. In our cleanroom
facilities at the IoP, we have two different types of plasma etch tool: reactive ion etch

(RIE) and inductively coupled plasma etch (ICP).
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Reactive Ion Etch

An RIE chamber contains two parallel platens between which a plasma is initiated, see
Figure 2.14. This plasma is initiated by exciting the reactive gases within the vacuum
chamber with radio-frequency (RF) electromagnetic fields (typically 13.56 MHz). These
RF fields generate highly reactive ions from the process gases, and these ions etch
the surface of the sample using a combination of physical (due to the kinetics of ion
bombardment) and chemical reactions. The RIE etch is known for the production of
vertical sidewalls, due to the anisotropic nature of this etch and the directionality of
the ion bombardment, while chemical bonds from the exposed material are broken by

the chemical etch process.

GAS

PUMPS

TABLE
POWER

Figure 2.14: A photograph of the Oxford RIE tool used in the cleanroom and a
schematic of the workings of a typical RIE machine [106].

Inductively Coupled Plasma Etch

The ICP tool is a modified RIE system with an inductively coupled plasma source and
a radial induction coil design, as seen in Figure 2.15. Varying magnetic fields generated

in the coil by induction can generate higher density plasmas than the RIE system,
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resulting in faster etching rates. In the photograph in Figure 2.15, we see the sample
loading chamber at the front of the machine. The sample is loaded into the ICP via this
chamber on a silicon carrier wafer and then (after pumping down) the carrier wafer and

sample are automatically loaded into the ICP chamber and the etch process is initiated.

Figure 2.15: Photograph of the ICP used in our cleanroom and a schematic of a typical
ICP machine [107].

Plasma etch: suspended LED fabrication

In order to suspend the devices on supporting anchors, the silicon substrate must be
accessible to the KOH used in the under-etching process. The SiOy masking layer is
etched by an Ar and CHF3 containing RIE etch. This etch is done with a platen power
of 200 W at room temperature. The ICP is then used during a room-temperature deep
etch step to etch through the GaN epilayers, define the anchors (see Figure 2.8), and

access the underlying Si. A Cly flow at a rate of 50 sccm is sent into the chamber
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between a coil power of 700 W and a platen power of 300 W to strike the etch-plasma.
The third stage in the deep, anchor-defining, etch process is to etch ~ 7 um into the
Si substrate. An RIE etch containing Ar (10 sccm), Oz (10 scem), and SFa (60 scem)
is used for this. These deep etch steps deep etch allows a subsequent KOH wet-etch to
penetrate the Si substrate and under-etch the devices, suspending them on the defined

supporting anchors. This KOH underetch will be described in the following section.

2.6.4 Wet chemical etch

\ .
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\
X Y
4, 5
X
z z z
(100) Plane , (110) Plane , (111 Pane

1
[100] Direction X/ [110] Direction X’/ Direction

Figure 2.16: The crystal structure of silicon. The main crystallographic planes in silicon
are shown in blue in the bottom three images. Images from [108].

Wet etch methods are typically faster than the dry etch methods discussed in Section
2.6.3, but they have less controllable etch rates. While dry etch processes are used for

their isotropic etching and therefore the production of vertical sidewalls, wet etches can
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be used to exploit anisotropy, such as that certain crystallographic planes of materials
etch faster than others in certain chemical etchants. This is illustrated by the etching of
pyramidal recesses through a square mask in the stamp fabrication process as discussed

in Section 2.3.

Si has a diamond cubic crystal structure, as seen in Figure 2.16, with the main crys-

tallographic planes relevant to this work shown in blue.

The low-index planes - (100), (110), (111) - and their position in the crystal lattice are
represented in Figure 2.16. This allows an anisotropic etch to occur when fast etching

planes are exposed to KOH.

Figure 2.17: a) The setup used in the wet underetch process. b) Microscope images of
a single 100 pm x 100 gm LED at 10 minute intervals during the underetch process
proceeding from images 1-4.

During the LED fabrication itself, the LEDs are under-etched to remove them from
their Si(111) growth substrate. The mask is aligned such that the KOH etch progresses
normal to the (110) plane and the (111) planes effectively stop the etch preventing
unwanted lateral etching [109]. The under-etch is done using a hot KOH solution, 60:40
KOH and deionized water at 85°C, using the recipe from [110]. The devices are placed
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into this solution for around 45 minutes until completely suspended on their anchors.
A setup of this underetch process can be seen in Figure 2.17 a). The temperature of
the water-bath can be precisely maintained at 85°C using the temperature controller.
This is important to keep the etch rate constant. Equally important is the constant
agitation of the KOH solution throughout the 45 minute etch with the etch reaction
beaker kept covered to help maintain a constant temperature and minimise evaporation
of the etchant. The progress of the etching of the fast-etching planes can be seen in
Figure 2.17 b) at 10 minute intervals during the underetch, with the dark areas showing
where there is (still) underlying Si, and the lighter areas where the Si has been etched

away.

Once fully underetched, the LEDs are left suspended on the two supporting anchors
as previously described. An image of these fully underetched LEDs can be seen in
Figure 2.8. During GaN LED wafer growth on Si, a few monolayers of SiNx are formed
between the Si and III-V materials, this acts as an etch stop and leaves a smooth

undersurface on the uLED platelets for uTP.

2.6.5 Wet chemical etch: Wafer bowing

As discussed in Section 1.6.2 there is a significant lattice mismatch when growing GaN-
on-Si wafers, such as those used for the suspended pyLLED fabrication. Another sig-
nificant challenge when growing III-nitride LED epilayers on Si is that the sequential
MOCVD growth required to produce the LED MQW epilayer structure creates mul-
tiple competing compressive and tensile strains between layers. Strain compensation
engineering is done at growth level to account for this and grow high quality LED epi-
layers. There is also a large difference in thermal expansion coefficients between GaN
and Si, which must be compensated for during growth (as discussed in Section 1.6.2).
Also, dopant impurities for n - and p -type GaN, Si and Mg respectively, introduce large
tensile strain into the material [111,112]. To address this tensile strain and consequent

cracking, the inclusion of AIN and AlGaN layers has proven effective. These graded
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Figure 2.18: A 100 gm x 100 pm LED platelet imaged on an optical profiler, the colour
scale shows the varying heights across the platelet.

strain compensation layers however mean that subsequent GaN layers are highly com-
pressively strained. The idea of these AIN and AlGaN strain compensation layers is to
introduce enough compressive strain into the structure to counteract the tensile strain
introduced in the various ways outlined above. The larger in-plane lattice constant of
GaN compared to AIN means the strain compensation layers of AlGaN will be under
compressive strain when grown on relaxed AIN substrate-to-epi interfacial layers. This
compressive stress induces convex bowing of the Si wafer counteracting concave bowing
(caused by the difference in thermal expansion coefficients) upon cooling down after
growth. During growth, continual compressive strain is introduced by the growth of
the AlGaN buffer layer and the subsequent Si-GaN layer bowing the wafer. The thick
silicon substrate acts to counteract this bowing, and pull the wafer flat. However, the Si
substrate must be removed to suspend the devices for uTP and this causes the strain
compensation to relax, bowing the device. This bowing of the device is seen in the
optical profiler image in Figure 2.18. Only the central part of the device is in contact

with the receiver substrate.
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2.6.6 Electron Beam Deposition
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Figure 2.19: The e-beam deposition tool used in this process and a schematic of metal
deposition.

Metal deposition during the LED fabrication process can be done with an electron-
beam evaporation(e-beam) system. Here, a tungsten filament is heated when a current
is passed through it, causing thermionic emission of electrons from the filament. The
electron beam is then accelerated by a set of magnetic plates and directed towards a
crucible containing solid pellets of the desired metal. The high energy in this beam of
electrons causes the metal to heat up, evaporating the metal, and coating the surface
of the sample. Figure 2.19 shows this pictorially. By controlling the current supplied

to the filament, the deposition rate can be controlled.

A 90 nm Pd current spreading layer is deposited on the 2 um-thick LEDs after under-
etching to allow charge to be efficiently and evenly injected into the p-type GaN. Once
deposited, the current spreading layer is etched in an RIE process and covers most of

the top surface of the p-type GalN as shown in Figure 2.8.
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2.6.7 Sputter Deposition

To deposit metal thicker than around 100 nm, as is required for bonding pads and
metal tracks to address the uLLEDs, a metal sputter deposition tool is used. This is
a physical vapour deposition technique where metal is transported from a large area

solid metal target under positive ion bombardment and coats samples in said metal.

In a high-pressure vacuum chamber, argon gas is turned into a plasma of Ar™ ions.
These ions strike the negatively charged target which contains the metal to be evapo-
rated. As a result of these collisions, metal atoms are ejected from the target and arrive

at the sample.

After the deposition of an electrical insulation layer, thick metal tracks are deposited
via sputtering to electrically address the uLEDs after yTP. These are of 50 nm /200 nm
Titanium/Gold (Ti/Au) in all of my devices presented in this thesis, but 50 nm/ 300
nm Ti/Aluminium (Al) for some test samples. One fully addressable uLED array on
glass, with Ti/Au tracks can be seen in Figure 2.20. These tracks go from the p- and
n-pads on the uLLEDs themselves, out to large bonding pads, seen in Figure 2.20 in the

outer two rings of bonding pads.

2.7 Summary

In this chapter, the yTP technique has been introduced. The mechanics behind yTP
have been discussed, including the adhesion forces required for the pick-up and printing
of uLED devices from their native substrate to non-native substrates. The elastomeric
stamps required for TP have been discussed, including the fabrication process used to
produce the stamps used for the 4TP in this work. The NLP system used to facilitate
the TP in the work presented in the following was also discussed. The latter part of
this chapter focussed on the cleanroom fabrication tools and techniques required for

the fabrication of the suspended arrays of 100 x 100 ym? pLEDs used in this work.
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Figure 2.20: a), b) Layout of the metal tracks for a 6x6 array of TP pLEDs. The
pLEDs are printed within the dashed red box. ¢) A close-up photograph of the yLED
array printed on glass. Each yLED is 100 x 100 pgm?.
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Dual-Colour Integrated yLED

Device

In this chapter, a uTP-enabled integrated dual-colour uLED device is introduced, com-
prising a 2 x 8 array of alternating green- and blue-emitting InGaN-based pLEDs on a
single chip. First the motivations behind this dual-colour device are explained, before
going on to describe how the device is fabricated. A description of the characterisation
of the dual-colour device will then follow - first the two different coloured pLEDs are
characterised separately, then the dual-colour device is characterised with both uLEDs

driven simultaneously.

This dual-colour pLED device is designed for VLC applications, and so the charac-
terisation of the device for such purposes will also be explored here. The modulation
bandwidth of the device is measured, both for the two uLEDs separately, and for the
combined dual-colour yLED device. The device is demonstrated in two different data
transmission regimes which will be described, with data transmission rates measured

under various driving conditions.
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3.1 Multi-Colour VLC

As introduced in Section 1.9, due to their low cost, high efficiency, and high power,
GaN LEDs have been crucial in enabling the development of solid state lighting. They
also benefit from high modulation bandwidths, making them attractive candidates for
VLC applications. This chapter deals with the fabrication and characterisation of an

integrated dual-colour LED device for VLC.

Light sources Detectors
MUX
link 1 TP1
link 2 TP2
link3 |_TP3
link 4 TP4

Y

signal flow

\J

Figure 3.1: Wavelength division multiplexing. Here TP means transponder. MUX and
DEMUX mean multiplexed and demultiplexed, respectively. Image from [113].

In VLC it is often advantageous to have multiple different light sources with different
emission wavelengths. This is because with one light source, only one stream of data
can be sent at any one time. Multiple sources with multiple discrete wavelengths can be
used to send multiple streams of data simultaneously, as shown schematically in Figure
3.1. This approach is often used in fibre-optic technology, at near IR wavelengths, and
is known as wavelength division multiplexing (WDM). Multi-colour communications
are also widely utilised in VLC research with work being done to increase the capacity
of low-cost LED plastic optical fibre (POF) links using WDM [114, 115] with results
of combined data rates of 11 Gbps having been reported from four LEDs (red, blue,
green and violet) along 10 m of POF. Free-space multi-colour VLC has also been
demonstrated, with over 10 Gbps demonstrated over 1.5 m from three different LEDs

of different wavelengths [64,116]. The dual-colour integrated pLED device presented
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in this chapter allows for the implementation of such multi-colour communications on
a single chip. It is fabricated by pTP blue-emitting pLEDs, fabricated as in Section
2.5, onto a pre-fabricated array of InGaN-based green-emitting pLLEDs on a sapphire

substrate, see Figure 3.2 c).

3.2 Micro-Transfer Printing for Dual-Colour Integration

Individual p-bonding pads

Shared n-bonding pads

Figure 3.2: a) Two separate (blue and green)LED chips diced and placed as close as
possible to each other, b) the separately fabricated pLEDs lit up, and ¢) the dual-colour
integrated chip fabricated by uTP.

Conventionally, in order to have two different colour LEDs next to each other, the
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LEDs are first fabricated on separate chips (as seen in Figure 3.2a)). Mechanical dicing
tools are then used to dice the chips as close to the LED pixels as possible and then
the two LEDs are placed in close proximity. In this technique the separation between
the pixels is limited by current dicing techniques to >1 mm and, by eye, these can be
seen to be two different light sources rather than one. The TP technique provides a
solution to this - we have nanometre printing precision and therefore little limitation
on the separation of pixels (limited only by the size of the supporting anchors (=15
pum)) and so effective color-mixing is possible. This is illustrated in Figure 3.2 and we
can see that the pixels are much closer together when using uTP compared to using

more conventional dicing techniques - 15 pym compared to ~1 mm.

3.3 Dual-colour Integrated LED Device: Fabrication

The first steps for the demonstration of this 2 x 8 dual-colour pLED array on a single
chip are the separate fabrication of green uLLEDs on their sapphire substrate and the
integration of ultra-thin blue pLEDs onto the green-emitting pLED chip. The fabri-
cation process and performance of the uLEDs of each colour will be described in this
section. It is useful to note here that blue-emitting uLEDs are printed onto an array of
green-emitting pLEDs rather than the other way round because high-power GaN-on-Si

technology is to our knowledge, to date, all blue emitting.

3.3.1 Fabrication: Green LED Array

A 2 x 4 array of green-emitting flip-chip pLEDs is fabricated from a commercial 520
nm InGaN epistructure grown on a sapphire substrate. The layout of a section of this
array can be seen in Figure 3.3. In order to achieve high injection current density
and therefore high modulation bandwidth, each disk-shaped green-emitting pLED is
designed with a small diameter of 20 ym. The puLEDs are fabricated following the

conventional process for InGaN-based uLEDs, as described in [28] and in Section 1.8,
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Figure 3.3: Layout of the green-emitting yLED chip before transfer printing.

with an additional deep etch step down to the patterned sapphire substrate (PSS).
This additional step is to compensate for height differences between the blue and green

pLEDs in further pTP processing.

Following the conventional pLLED fabrication process, a 100 nm - thick Pd current
spreading layer is deposited on the LED chip (following an HCI acid treatment to
prepare the substrate). The pixels are then defined with an etch down to the n-GaN
before electrically isolating the pixels from each other with approximately 160 nm of
Si0y. Ti/Au 50 nm/200 nm metal tracks and boding pads are then deposited to
electrically address the green-emitting pixels, as seen in Figure 3.3. The areas where
the blue-emitting p LEDs are to be printed, indicated in the dashed blue box in Figure
3.3, are etched down to the PSS. This allows for the height of the blue-emitting pLED

(= 2.4 pm), levelling out the device post transfer printing.
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Figure 3.4: IV, LI, and spectral characteristics (spectrum taken at 1 mA) of the green-
emitting uLED pixels in the dual-colour device.

Characterisation: Green yLED Array

Figure 3.4 shows the measured electrical and optical performance of this green pLED.
The pLED begins to emit light at around 3.5 V, and the LED achieves over 0.27 mW
of optical power at 20 mA. The emission wavelength peaks at 510 nm, as seen in
Figure 3.4 ¢). It is important to note that for this power measuerment, and all power
measurements in this work, we mean the forward directed power - as measured directly

with a power meter (Thorlabs PM100D).

The modulation bandwidth of the green-emitting uLED was measured with the setup
as described in Section 1.9.1 (Figure 1.21). The uLED was driven with a combination
of AC and DC signals: the DC signal is sent from a conventional DC power supply, and
the AC signal from a network analyser. Both signals are combined at a bias-tee and sent

to the uLED. The frequency response of the signal detected arriving at an avalanche
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photodiode (APD)(Hamamatsu S8664-50K) (see Figure 1.22) is then compared with
the original AC signal to give the modulation bandwidth. The ability to drive the
pLED to a high current density means an electrical-to-optical (E-O) bandwidth over
400 MHz can be achieved, as is seen in Figure 3.5. These measurements were all taken

by directly probing the puLED p- and n-pads.

450 1 1 1 1 1 I

'8150-‘ / -
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Current (mA)

Figure 3.5: Modulation bandwidth characteristics of the green-emitting pLLEDs in the
dual-colour device.

3.3.2 Fabrication: Blue-Green LED Integration

Once the green-emitting pLED array has been fabricated and characterised, blue-
emitting pLEDs are transfer printed into the array onto the PSS areas designated
in the green-emitting pLED array fabrication process, as detailed in section 3.3.1. It
is not possible to print directly onto the PSS because it is so rough, and so the sample
must first be cleaned in an oxygen plasma and coated in a thin layer of the transparent
photoresist SU-8 (Gersteltec Engineering Solutions GM1050 SU-8). This fills the holes
in the PSS, planarising the the receiver surface and allowing uTP to proceed. This
SU-8 layer is neither baked nor exposed to UV light between spin coating and the TP
process, leaving the SU-8 tacky and aiding the release of the uLEDs from the stamp
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Figure 3.6: Plan view optical micrograph of the layout of the dual-colour pLED chip
after transfer printing.

during puTP.

Once the array has been populated with uTP blue-emitting pLLEDs, as in Figure 3.6,
the blue-emitting pLED must be made electrically addressable. A 6 pm thick layer of
SU-8 is spin coated across the chip surface. This acts to insulate the device. Openings
in the SU-8 are then patterned to access the p-bond-pads, n-bond-pads and the p- and
n-contacts on the uTP puLED.

A 50 nm/200 nm layer of Ti/Au is then deposited on the chip via sputter deposition
(see Section 2.6.7). The metal is then patterned and etched to leave tracks connecting

the pLED to the p- and n-bond-pads.

Characterisation: Micro-Transfer Printed Blue yLED

After TP - integration, the blue-emitting pLED pixel is optically and electrically
characterised. This yLED achieves an optical power of 0.71 mW at 15 mA, which

is comparable to the optical power of the green pLED pixel at the same current (=
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Figure 3.7: a) IV and b) LI characteristics of the blue-emitting yLED on the dual-
colour integrated device. The emission spectrum (measured at 1 mA) is also shown

c).

0.23 mW at 15 mA). The IV and LI characteristics of these TP pLED pixels can be
found in Figure 3.7. The turn-on voltage of these blue-emitting pLEDs is around 2.9
V, but as seen in Figure 3.7 a), there is a significant leakage current before the turn
on voltage. This seems to indicate damage to the LED epistructure, and significantly
the MQW active region, during the suspended pLED process, in particular during
the KOH underetch described in Section 2.6.4. This increases the occurrences of non-
radiative recombination and therefore increases current leakage. Because the KOH
underetch is a vital step in the suspended uLED fabrication, the degradation seen in the
IV characteristics is unavoidable but can be minimised by engineering the supporting

anchors, when designing photolithography masks for the process, such that the time

spent in the KOH solution is kept to a minimum.
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Figure 3.8: Cross-sectional schematic of the dual-colour uLED device. The Fabry-Perot
cavity formed when the pLED is printed onto a partially reflective surface is shown,
with the light rays shown as blue arrows. The refractive index of GaN is 2.4 and the
refractive index of SU-8 is 1.67.

The spectral emission from this blue-emitting pLED is seen in Figure 3.7c) and shows
a maximum peak at 460 nm. Fabry-Perot effects are seen when the pLED platelet is
printed onto a receiver substrate because of the high refractive index contrast between
the GaN LED epilayers and the receiver substrate. This is shown schematically in

Figure 3.8. For a Fabry-Perot etalon, the free spectral range is given by:

Ar=_ 0

~ 2nlcosf (3.1)

where Ay is the wavelength of the central emission, n is the refractive index of the
medium within the cavity, and [ is the cavity length. If we assume normally incident
light, n equal to 2.4 (the refractive index of GaN), and a cavity length of 2.4 um
(the thickness of the uLED), the free spectral range is then equal to 18 nm. This is
the approximate separation between the peaks seen in the spectrum in Figure 3.7 c).
This effect has previously been reported with similar TP uLEDs printed on various

non-native substrates by Trindade et al. [94].

The modulation bandwidth of the blue-emitting pLLED pixels was also measured, in
an identical way to the green-emitting pixels on the same device. The blue LED
pixel achieves a modulation bandwidth of 146 MHz, as in Figure 3.9. When com-
pared to comparably-sized blue-emitting uLLEDs on their growth substrate, these uTP
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Figure 3.9: Modulation bandwidth characteristics of the blue-emitting uLED in the
dual-colour device.

uLEDs have higher bandwidths (similarly-sized blue-emitting GaN-on-sapphire LEDs
tend have modulation bandwidths of around a third of this at similar current densi-
ties [28,117]). This we again attribute to the KOH underetch used to suspend these
pLEDs, which damages the MQW active region in the pLLEDs. This increases the
occurrence of non-radiative recombinations which in turn drives up the modulation

bandwidth but with detrimental effects on the optical power (see Figure 3.7 b)).

The blue-emitting uTP puLED pixels in this device are also much larger than the green-
emitting uLED pixels, i.e. 100 x 100 ym? compared to 20 um diameter, respectively.

3.4 Integrated LED device: Characterisation

After uTP integration, the device can then be addressed and, because of the individual
p-pads, each pLED in the pair can be individually controlled and each yLED lit sepa-

rately or as a pair, as in Figure 3.10. The dual-colour device can then be characterised
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Figure 3.10: Plan view micrographs of the dual-colour integrated pLLED device, showing
a) the green-emitting pLED turned on, b) the blue-emitting yLED turned on, and c)
both pLEDs turned on.

as follows.

3.4.1 Data Transmission

To show the potential of this device for VLC applications, the data transmission rate

of the dual-colour device was tested under two different regimes:

e Ganging (when one steam of data is sent using both pLEDs)

e WDM (where a different stream of data is sent with each yLED)

These two regimes were tested in the laboratory at the LiFi R&D Centre at the Uni-

versity of Edinburgh and the experimental setup and results will be discussed below.

Ganging regime

The first demonstration of the capability of the dual-colour uLED device was to show it

in ganging mode. This is a regime where a single APD is used to receive the light signal
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Focusing optics

Dual-colour uLED
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Figure 3.11: Setup used for data rate measurements on the dual-colour uLED device
in ganging mode.

and all puLEDs in an array carry the same data. This increases the data transmission
rate which can be detected by the reciever, compared to a single pLED because of the
increase in optical power, which leads to an increased SNR. We should note that the
increase in SNR is not linear, due to the implications of the Shannon theorem (see

Equation 1.26 and Figure 1.24).

The setup seen in Figure 3.11 was used to measure the data rates from this device in
ganging mode. The dual-colour yLED device is held in one place, and the emission
sent over 16 cm to an APD (Hamamatsu S8664-50K) through focussing optics, first
a lens to focus the Lambertian emission from the yLLED device and then a second
lens to collect the light and concentrate it onto the APD. As in all data transmission
experiments discussed and presented in this thesis, each uLED is driven with both a DC
and modulated AC signal via a bias-tee. The signal is modulated with an orthogonal
frequency division multiplexing (OFDM) signal - (refer back to Section 1.9.3 for more
details). This setup was first used to measure the data rates of the two pLED pixels in
the device separately, and the results can be seen in Figure 3.12 (in the blue and green
lines). The blue-emitting pLED achieves a data rate of 260 Mbps below the FEC, and
the green-emitting pLED achieves 425 Mbps below this FEC level.

87



Chapter 3. Dual-Colour Integrated pLED Device

The same setup, as in the photograph in Figure 3.11, was then used to measure the
achievable data rate from the combined device in ganging mode. The results of this

experiment can be seen in the magenta line in Figure 3.12.

1 1 —=—GreenuLED ]
1 —e—Blue uLED
0.14 —+— Ganging mode 7
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Figure 3.12: The data rate measurements from the respective blue-emitting and green-
emitting pLEDs in the dual-colour pLED device, and the data rate of the dual-colour
uLED device operating in ganging mode. The FEC level is shown in red.

As seen in Figure 3.12, the combined dual-colour yLLED achieves a data rate of 360
Mbps under the FEC level of a BER of 3.8 x 103. In this experiment the blue yuLED
pixel was driven with a DC bias of 6.17 V at a current of 4 mA. The green uLED pixel
was driven with a DC bias of 5.65 V at 6 mA. These driving conditions were used as
they produced an equal amount of blue and green light spectrally when both yLEDs
were simultaneously driven, and thus provide an intermediate spectral emission for the
combined device. If we compare the ganging data rate (360 Mbps) to the two separate
data rates from the blue and green uLLED pixels (260 Mbps and 425 Mbps, respectively)
we see that the individual data rates do not sum to give the ganging result. This is
due to the interference between the two pLEDs pixels. In particular, the SNR of the

blue-emitting pixel does not follow the same trend as the SNR for the green pixel.
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WDM regime

As described earlier in this chapter (Section 3.2) one of the main motivations for fab-
ricating this dual-colour pLED device was to send multiple discrete communication
streams from one device, through the WDM technique. Having two discrete emission
wavelengths on a single chip, see Figures 3.4 ¢) and 3.7 ¢), means that it should be
possible to send two distinct streams of data from this device. To run the WDM ex-
periment, a similar setup was used to that for the ganging measurements but with the
addition of filters to cut the emission of each pLED in turn at the APD to differentiate
between the two data streams. A photograph of this setup is shown in Figure 3.13,
and we see that using a long pass filter (i.e. one that will allow light to pass through
with wavelengths above a cut-off, in this case 500 nm (FEL 500 nm)), only the green
component of the light reaches the APD in the centre of the white dashed box while

the light emitted from the uLED device can be seen to be blue-green.

FEL' 500 Am

Figure 3.13: The setup used to measure the dual-colour uLLED in a WDM experiment.
The dual colour device is on the left and the APD receiver on the right.

In this WDM regime, as opposed to the ganging regime from the previous section,
each pLED in the blue-green pair was driven with a different modulated signal and a
different DC signal using two separate bias-tees. Therefore the combined dual-colour
device is transmitting two separate discrete streams of data. The two different streams

of data can be separated and are detected at the APD.

In this experiment, two different filters were used: an FEL 500 nm (as seen in Figure
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Figure 3.14: The dual-colour uLED device WDM data transmission.

3.13) to pass only the green contribution and an FES 500 nm (short-pass filter, at 500
nm) to pass only the blue contribution. The resulting data streams were measured
to find the data rate achievable when the uLED pixels were driven at 4 mA for the
blue and 6 mA for the green. The data transmission rate for this situation can be
seen in Figure 3.14. We see from this graph that below the FEC level, the green pixel
achieves 191 Mbps and the blue pixel achieves 273 Mbps. The overall data rate from
the combined dual-colour pLLED device is therefore 464 Mbps.

In the WDM regime, the data transmission rate for the green-emitting uLED is sig-
nificantly lower than for the same device in the ganging regime. The use of the FEL
500 nm filter to cut the contribution at the APD from the blue-emitting pLED also
cuts a large amount of the emission from the green-emitting pLED: as we can see in
Figure 3.4, a significant portion of the emission is below 500 nm. To counteract this,
and allow more of the green emission to reach the APD another long pass filter needs

to be used, but a suitable one was not available at the time of measurement.

As the peaks of the green and blue emissions are close together, it is challenging to
separate the contribution from each uLED. To maximise the WDM data transmission

rate the two pLEDs would ideally have spectral peaks that are further apart. While the
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blue-emitting GaN-on-Si is designed to emit at 450nm, the strain effects (as discussed
in Section 2.6.5) when the yLED is removed from its growth substrate cause a redshift
in the emission to 460 nm. This is a disadvantage here as it brings the emission of the
blue uLED closer to that of the green yLED. Using a green LED wafer with a longer
peak emission is perhaps the simplest way of alleviating this issue with the overlap of

the spectra.

The issue with overlap aside, we can increase the data transmission rate of the combined
device by running it in WDM mode. WDM allows us to combine two distinct streams of
data and send them simultaneously, increasing the data rate from 360 Mbps when the
device is driven in ganging mode (where only a single stream of data can be sent with

the device) to 464 Mbps (when 2 separate streams of data can be sent simultaneously).

3.4.2 Colour-mixing
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Figure 3.15: Combined spectrum from the blue-green dual-colour uLED device. These
spectra were all taken at a drive current of 1 mA (with both yLEDs driven with 1 mA
in the combined spectrum) and normalised to produce this figure.

As discussed, one advantage of this integrated dual-colour pLED device is that the
uLED pixels are placed very close together (15 pm separation). This means that
effective colour-mixing is achieved when both yLEDs are driven together. Figure 3.15

shows the emission spectrum when both pixels in the dual-colour device are driven
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Figure 3.16: CIE characteristics of the dual-colour integrated pLLED device.

simultaneously, overlayed with the spectra from the blue- and green-emiiting /muL.ED
pixels. This spectrum was obtained by detecting the emission with a spectrometer
(Avasoft 2048L) placed approximately 5 mm from the device at its sapphire side. Here
we can see three distinct peaks, one at 460 nm and one at 520 nm which are the main
spectral peaks from the green-emitting and blue-emitting pLED in the pair respectively
(the individual spectra of which can be seen in Figure 3.4 ¢) and Figure 3.7 ¢)), and a
third peak around 483 nm which is caused by the overlapping of the shoulder on the
blue emission, as discussed previously and seen in Figure 3.7 ¢) and the tail on the

green emission seen into the bluer end of the spectrum in Figure 3.4 c).

The individual control of each separate pixel means that the colour of the device emis-
sion can be tuned from 460 nm - 520 nm with the CIE coordinates of the device
ranging from (0.09928, 0.6608) to (0.1441, 0.04532). These CIE coordinates can be
seen in Figure 3.16 on the CIE colour-gamut (refer to Section 1.9.5 for information on
these colour-gamuts). This means that from this one device we can produce a range of

colours of light. This becomes even more interesting when we imagine the introduction
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of a third, red-emitting uLED which would mean the device could be used to emit a

wide range of colours and crucially white light. This will be discussed in Section 6.2.

3.5 Summary

In this chapter the fabrication and characterisation of an integrated dual-colour yLED
device has been discussed. This device is fabricated by transfer printing 100 pm x
100 pgm blue-emitting LEDs into an array of green-emitting pLLEDs. The green pLEDs
in this array achieve 0.25 mW at 20 mA, and the blue-emitting uLEDs achieve 0.71
mW at 15 mA. These uLEDs have modulation bandwidths of 400 MHz and 140 MHz

respectively.

To show the potential of this dual-colour uLED device for VLC applications it was
driven in two different regimes: ganging and WDM. Separately the green-emitting and
blue-emitting uLED pixels have data rates of 425 Mbps and 260 Mbps, while in ganging
mode the dual-colour device achieves a data rate of 360 Mbps. Sending two separate
streams of data with the two different yLED pixels in a WDM experiment gives an
overall data rate of 464 Mbps.
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Integrated Colour-converted

Device

This chapter will introduce micro-transfer printing of integrated uLED-colour-converter
devices. The uLEDs are transfer printed onto a colloidal quantum dot flexible colour-

converting platform with an aim of applying the integrated device for VLC applications.

We will first discuss the concept of colour-conversion, and in particular, the used of
colloidal quantum dots (CQDs) for colour-conversion including the basic physics behind
CQDs. The fabrication of an integrated colour-converting device will then be described,
with the device fabricated by yTP an array of uLLEDs onto a glass-encapsulated CQD
colour-converter. Three different colours of device have been fabricated: red, orange
and green. These are used to convert light from blue-emitting pLEDs to output at

longer wavelengths.

The characterisation of these devices will then be detailed, with electrical and optical

characteristics discussed as well as the data transmission capabilities.
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4.1 Colour Conversion for Visible Light Communication

As previously intimated, pLEDs have the potential to be used in fast VLC applications
because of their high modulation bandwidths. By modulating the intensity of these
pLEDs they can be used to send information. One of the main promises of VLC is that
room lighting will not only be used for illumination, but will also be used to transmit
data [62]. Conventional solid state white light sources make use of a blue-emitting
LED combined with a yellow, down-converting rare earth phosphor to produce white
light [118,119]. However, as well as being based on finite resource materials, these
phosphors have long upper state lifetimes (on the order of milliseconds) and cannot be
modulated fast enough for optimised VLC. For white LED lighting to be used effec-
tively for VLC applications, alternative fast colour-converters must be found. Colloidal
quantum dots (CQDs) have much shorter lifetimes (on the order of nanoseconds, to tens
of nanoseconds) and so can be modulated much faster than the slow colour-converting

phosphors.

Another way of producing white light is by combining multiple colours of light from
different sources; most commonly red, green and blue (RGB) [118]. CQDs can be
produced to absorb blue light and emit light across the visible range, and are therefore
attractive colour-converters for producing various wavelengths. They also have narrow
linewidths giving very ”pure” coloured emission. These characteristics make CQD
colour-converters attractive for both improved/controlled colour rendering in VLC and

also in WDM.

4.2 Colloidal Quantum Dots

CQDs are surface-functionalised and therefore solution processable nano-sized semicon-
ductor crystals, typically with diameter between 2nm and 10nm. This size is compara-

ble to the electron de Broglie wavelength in the semiconductor which leads to quantum
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confinement, inducing a quantum size effect and producing discrete energy levels within

the CQD [120,121]. As introduced in Chapter 1, the de Broglie wavelength is given by:

h h
A= — = — 4.1
p Vom*kT (4.1)

where h and k are the Planck and Boltzmann constants, respectively, m” is the carrier

effective mass, and T is the temperature.

The quantum size effect can be described, as by Efros and Efros in 1982 [122], by the

“particle in a box” model where charge is confined in three-dimensions.
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Figure 4.1: Band diagram of a quantum well structure presenting the energies of three
optical transitions.

Figure 4.1 shows the transitions between the first few of these quantised energy levels,
and their associated energies [123]. This confinement leads to a quantisation of energy
levels. As discussed in Section 1.3, transitions can occur between the valence and
conduction band in a semiconductor material, causing the emission of light with a
wavelength dependant on the energy gap between these two bands. In an quantum

dots of radius R, this energy gap is given by:
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h2n2n?
where
My = — e (4.3)
Me + My

Here m, " and my,* are the electron and hole effective masses, respectively. By controlling
the size of the dot, the energy gap (and therefore the emission wavelength) can be tuned.
As in the above equations, as the size of the dot decreases, the gap between energy
levels increases. As we know, the colour of light emitted by a semiconductor material is
determined by the separation of the energy levels within this material. The wavelength
of emission from quantum dots can therefore be changed by altering the size of the dot,

while keeping the same material system. This is illustrated in Figure 4.2.

- 1D (e)
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band 1 1P (e)
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band 1P (h)
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Figure 4.2: Representation of the discrete energy levels in a quantum dot.

The emission wavelength of CQDs can also by tuned by changing the composition of

the dot while keeping the size the same. These two methods, size-tuning and changing
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the material composition, mean that the emission wavelength of CQDs can be tuned

to emit across the visible spectrum, as seen in Figure 4.3.

Figure 4.3: CQDs in solution emitting across the visible spectrum when illuminated
with UV light. The Image from [124].

As seen in Figure 4.4, CQD materials cover a wide range of wavelengths from UV to
mid-IR, and can be fabricated from a variety of semiconductor materials. The CdSSe
(IT-VI) materials, which are used in this work, can be tuned to emit approximately

between 300 nm and 800nm.

The quantum dots used in this work are of the CdSSe/ZnS alloyed core/shell design.
The emission wavelength is varied through the composition of the CdSSe core, and they
are passivated and confined by a ZnSe shell. The passivation by an outer shell reduces
surface carrier trapping, increasing the photoluminescence quantum yield [126, 127].
Organic ligands attached to the outer surface of the shell aid dispersion in solvents,

which is required for this work [128].

CQDs are synthesised in solution by wet-chemistry processes involving the decom-
position of metal-organics and calcogenides in organic solvents at high temperatures
[120,128]. The CQDs are usually provided by the vendor in solution, as in Figure 4.3,

and are therefore compatible with solution processing and soft lithography techniques.
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Figure 4.4: Wavelength coverage of various kinds of CQDs. Images from [125].
When the solvents are evaporated, the CQDs become free-standing “neat” CQD films.

Figure 4.5 shows a typical absorption/emission spectrum for CQDs of 4 different sizes,
emitting in the blue, green, yellow and red. For any of these emission wavelengths we
see strong absorption in the blue to UV region, making them ideal for excitation with

InGaN pLED sources.

4.2.1 Colloidal Quantum Dots as Colour-converters

The CQDs utilised in the devices in this work are, as already mentioned, of the
CdSSe/ZnS alloyed core/shell design, (Cytodiagnostics). The emission wavelength is
varied through the composition of the CdSSe core. The mean size of these CQDs is 6
nm in diameter at all wavelengths used. Previous results from our group with similar
CQDs (CdSe/ZnS) have been reported by Foucher et al. who demonstrated CQDs
encapsulated in thin glass as wavelength tunable lasers [130] and Guilhabert et al. as

a gain medium in DFB lasers for refractive index sensing applications [131]. When
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Figure 4.5: Typical absorbance and emission spectra of four different II-VI CQDs,
emitting in the blue (481 nm), green (526 nm), yellow (561 nm), and red (591 nm).
Adapted from [129].

incorporated into a PMMA matrix, these CQDs have been reported to achieve free-
space optical data transmission rates of up to 500 Mbps when pumped with an external

blue-emitting (A = 450 nm) pLED [132].

4.3 Fabrication: Colour-converter-LED Integrated

Device

4.3.1 Micro-transfer Printing LEDs on Flexible Glass

A 100 x 100 pum? pLED, fabricated as in Section 2.5, is transfer printed onto a single
(1.5cm x 1.5¢cm) piece of 30 pm-thick mechanically flexible glass (AF32 thin glass from
Schott). The pLED is printed directly onto the flexible glass without the aid of an
adhesive interlayer, via Van der Waals’ forces aided by capillary bonding. Capillary
bonding occurs when a liquid is placed between two surfaces and, as the liquid evapo-
rates, the surfaces are drawn together and eventually held together by a strong Van der

Waals bond [133]. This is used in many fabrication processes, for example to attach
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small samples to Si carrier wafers for processing structures on thin or fragile substrates.
It has also been used for bonding thin II-VT laser structures to diamond, as reported
by Jones et al. [134], and to integrate thin II-VI colour-converters with LEDs for VLC

applications, as reported by Santos et al. [135].

a) b)
! Methanol !

meniscus on LED
backside

c) d)

T ——

Figure 4.6: The capillary bonding process: a) puLED brought into contact with
methanol-wetted wipe, b) backside wetting of uLED, ¢) uTP aided by capillary forces,
and d) methanol evaporation.

During the pTP process, the capillary bonding is facilitated, as in Figure 4.6, by wetting
the backside of the uTP pLED with methanol. The pLED backside is wetted by
pressing it into contact with a methanol-soaked wipe, which has been pre-soaked by
pipetting a few drops of methanol onto it. The methanol-soaked wipe is labelled in the

right-hand photograph in Figure 2.7.

When the wetted pLED is brought into contact with the thin glass receiver substrate
the surface tension of the methanol on the uLED backside is suddenly broken, pulling
the pLED down towards the receiver surface. This is sufficient to force the uLED to

detach from the stamp and, with a quick stamp withdrawl, it remains on the receiver
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substrate. The sample is then heated slowly to completely evaporate the methanol
from the sample and the uLED is left held to the flexible glass by the Van der Waals’

force.

Figure 4.7: A uTP pLED array and metal tracks on 30 pm-thick thin glass. From a)
to c) in decreasing magnification, c) shows the mechanical bendability of the integrated
devices.

The typical TP post processing, as described in section 3.3.2, with SU-8 insulation
and metal track deposition, is then done to complete a fully addressable pLLED array
on the thin glass sheet. The pLED array on the thin glass, with metal tracks is seen
in Figure 4.7. These uTP pLEDs are flip-chip, meaning the light emitted is directed
down through the n-GaN and AIN buffer layers rather than up through the p-GaN
layer. Light in these uLED on thin glass samples is therefore directed down through
the glass (see Figure 4.11). To our knowledge, this is the first reported demonstration

of transfer printing on this thin flexible glass.
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4.3.2 Characterisation of micro-LEDs transfer printed onto flexible

glass
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Figure 4.8: Characterisation of uLEDs when transfer printed onto flexible glass. a) I-V,
b) L-I, and c) spectral characteristics are shown. The spectrum was measured with a
drive current of 5 mA. The devices are of area 100 x 100 pum?2.

When micro-transfer printed onto flexible glass, these uLEDs achieve an optical power
of over 15 uW at 4 mA, as seen in Figure 4.8 b). It is important to note here that the
uLEDs used to obtain this result and the results discussed in Section 4.4.2 are not from
the same fabrication batch as those used for all the other measurements presented in
this thesis in Chapter 3 and Chapter 5. They were fabricated with different supporting
anchors, which are tapered to aid pick-up during transfer printing rather than rect-
angular as are used in all the other pLEDs transfer printed in this PhD work. When
fabricating these uLLEDs with tapered anchors, all fabrication processes were identical
to those described in Chapter 2 except that a much longer KOH underetch was required
to suspend these pLEDs - approximately 110 minutes compared to approximately 48

minutes for those with rectangular anchors.
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Figure 4.8 a) shows the IV characteristics of the TP pLED on flexible glass. If we
compare this IV to the related characteristic shown in Figure 3.7 a), where the uLEDs
are printed on sapphire, we see that the turn on voltage is higher (tending to be close to
3.5 V rather than 2.9 V when printed on sapphire). This can be attributed to two main
things. Firstly the different fabrication process, and secondly the thin glass receiver
substrate. The thermal conductivity of this glass is low, and so the uLEDs heat up
much faster, limiting the achievable optical power, as well as the current to which the
pLEDs can be safely driven to before thermal roll-over or uLED damage. Again, we
see a significant leakage current before the turn on voltage in Figure 4.8 a) which we

attribute to the damage occurring during the KOH underetch.

As shown in Figure 4.8 c) these pLEDs emit at 460 nm but we see Fabry Perot effects
which arise when the pLED is printed.

4.3.3 Integrated Colour-converter Fabrication

CQDs in toluene

1) i
Thin glass (30um) — ‘

CQDs
2)

3)
— .

Figure 4.9: Integrated uLED-colour-converter device fabrication process. 1. The CQDs
in solution with toluene are dropped onto a piece of thin glass, 2. the toluene is then
evaporated, and 3. this is encapsulated by the piece of glass populated with uLEDs
(as in Figure 4.7).
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Three different colours of CQDs were used in this work: red(A = 630 nm), orange(\
= 590 nm) and green(A = 550 nm). Figure 4.9 shows the fabrication process for

integrating the CQD colour-converters with the TP puLEDs on thin glass:

1) A solution of CQDs in toluene at 40 mg/ml for the green sample and 30 mg/ml for
the red and orange sample, was drop coated onto a second 30 pm-thick glass sheet,

with an area of 1.5 x 1.5 cm? to match the area of the glass populated with yLEDs.

2) This was allowed to dry slowly at 5°C, inside a fridge, to evaporate the toluene and

form a uniform “neat” layer of CQDs.

3) The thin glass sheet with the TP pLED array on it was used to cover and encapsu-
late the CQDs and the ”sandwich” was sealed with a UV curable epoxy NOA65(Norland
Inc.), see Figure 4.9. The assembly of these colour-converters is done in ambient condi-

tions. This fabrication gives a < 70 pm-thick integrated uLED-colour-converter device.

Figure 4.10 shows the three completed devices, illuminated with UV light.

Figure 4.10: Integrated pLED-colour-converter device on thin glass. a) All three dif-
ferent coloured CQD samples, and b) the orange sample at higher magnification, when
illuminated with UV light.

When the uLEDs are electrically driven, the blue light is absorbed by the CQDs and

105



Chapter 4. Integrated Colour-converted Device

emitted at a longer wavelength as seen in Figure 4.11 a) and b).

a) p-contact n-contact Wave-guided
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Figure 4.11: a) A schematic of the integrated device, b) the red sample illuminated
with UV light, and ¢) a section of the pLED array lit on each of the different CQD
samples.

4.4 Characterisation

4.4.1 Spectral Characterisation

Figure 4.12 shows the spectra from the three integrated pLED-CQD-colour-converter
devices. The major emission peaks seen are at 640 nm, 590 nm and 550 nm for the red,
orange, and green sample, respectively. The smaller peak around 460 nm, seen most
clearly for the red colour-converter because of its relatively low optical power, is the

spectral contribution from the unconverted blue light from the pLED.

4.4.2 Efficiency of the Integrated Colour-converter Devices

A reference sample, fabricated as in section 4.3, was made only excluding the CQDs.
The IV and LI characteristics of the yTP pLEDs on the thin glass platform itself were
then tested to give a base measurement, with the uTP pLEDs achieving an optical
power of 26 W at a maximum drivable current of 6 mA. Figure 4.13 shows the LI
characteristics of three uLLEDs transfer printed on the same thin glass sample. As we

can see, below 1.5 mA the uLEDs behave in the same way. However, beyond this point
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Figure 4.12: The spectra from the three integrated pLED-colour-converter samples.
Each spectrum was taken with a yLED drive current of 5 mA.

the behaviour of the pLLED cannot be predicted, with some rolling-over around 4 mA
but others rolling-over or burning out at much smaller currents. We speculate that this
is due to differences in the contact area between the yLED and the thin glass during
the uTP of each pLED. Pressing the pLEDs down harder tends to increase the contact
area between the devices and the receiver substrate, and this contact area contribute to
the device’s temperature during operation (as heat must be transferred from the device
into the underlying substrate to stop it becoming damaged). This in turn has an effect

on the current density we can drive the pLEDs to and the point of thermal rollover.

As touched upon previously in this chapter (Section 4.3.2) these TP pLEDs cannot
be driven to high current densities because of the removal of the Si substrate during the
suspended pLLED fabrication, as outlined in section 2.5, leaving them incapable of effec-
tively managing heat. Given that small uLEDs can reach temperatures of 150°C [136]
under a DC bias, irreparably degrading the electrical and optical characteristics of the
uLED, the uTP puLEDs must be protected from being driven to high current densi-
ties which would heat them extremely rapidly to similarly high temperatures causing
breakdown and pLED failure. This rapid overheating can be prevented by puTP the
pLEDs onto thermally efficient substrates like diamond, as demonstrated by Trindade
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Figure 4.13: LI characteristics of 3 separate TP pLLEDs on a thin glass reference
sample. These were fabricated identically on the same chip, and so are nominally the

same.

et al. [95], which has a high thermal conductivity of 1000 Wm™K and can effectively
remove heat from the pLED. However, the thin glass used in the devices reported here
has a much lower thermal conductivity (1.16 Wm™K [137]) and a safe maximum driving
current of 6 mA (corresponding to a current density of 77.5 Acm™) is used to control

heat in the uLED and prevent degradation whilst in operation.

Because of the difference in LI characteristics of these uLEDs on the flexible glass, the
following absorption and efficiency calculations are performed using data from a drive
current of below 1.5 mA, where we can be sure the data collected will be comparable

between different uLEDs.

The three different integrated uLED-colour-converter samples were then tested for the
same IV and LI characteristics, see Figure 4.14, and compared to the reference sample.
We again see the LI curve for the three colour-converter samples rolling over, which is
likely attributable to the thermal roll-over of the uLLEDs. The percentage absorption
of the blue light by the respective CQDs is given by:
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Figure 4.14: LI characteristics for the red, orange and green uLED-colour-converter
samples, where the optical power is that of the respective colour-converted wavelengths
and the current is that drawn by the uLED used for photoexcitation.

P - P
Absorption = 100 x = Blwe 7 7 UC (4.4)

PBlue
where Pplye and Pyc are the optical powers of the blue TP pLED on the reference
thin glass sample, and the unconverted blue light passing through the colour-converter
sample respectively. The absorption was calculated as >95% for each of the three
colour-converter samples (95 %, 98 % and 97 % for the red, orange, and green sample

respectively).

Forward power conversion efficiency (i.e. light converted from blue, as emitted by
the pLED, to light at a longer wavelength by passing through the CQD layer) is an
indication of how efficient the colour-converting samples are at converting absorbed

blue light into forward-directed emitted colour-converted light and is given by:

Pcc

Ef ficiency = 100 X ——————
11 Y Pgiwe — Puc

(4.5)
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where Pcc is the optical power of the colour-converted (red, green or orange) light.
This was measured as 8.8% for the red, 15.0% for the orange and 14.6% for the green
sample, respectively. The efficiency for each device were found by taking the optical
power (Pcc and Pyc) at several uLED drive currents, and comparing them to the
optical power (Ppye) of the reference sample at the same yLED drive current. The

quoted efficiencies are the average of those calculated.

The efficiency values are higher than what could be expected if only considering light
within the escape cone of the flexible glass/CQD film structure (2 to 5% taking the
geometry of the structure and PLQY between 20% and 60%). These higher values
are attributed to photon recycling with some of the waveguided light being scattered
out of the structure and some being reabsorbed by the CQDs and partially re-emitted
in the forward direction. We note that it should be possible to increase the forward
conversion efficiency by incorporating light extraction features in the film and/or the
ultra-thin glass to increase the scattering, and/or by adding a dichroic coating on the
backside of the structure to reflect converted light in the forward direction while letting

the LED excitation light through to the CQDs.

4.5 Side-emission from the integrated

LED /colour-converter device

As well as converting light, from blue to a longer wavelength, in the forward direction
(i.e. down through both thin glass layers and the CQDs ) the integrated device also
traps some light in the CQD layer and it is waveguided through this layer and emitted
at the side of the sample. When fabricating samples for the results discussed in this
section, the CQDs were dropcoated so that they completely cover the bottom piece of
flexible glass in the structure, and the light can therefore be guided in the CQD layer
and emitted at the edge of the sample, as in Figure 4.11 a).

The emission from this wave-guided light was measured at the edge of the glass struc-
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Figure 4.15: Emission from the edge of the green colour-converter sample. In a) we
compare the spectrum of the edge emission to that obtained colinearly. In b) we take
the light emission directly under the pLED and compare it to that at various lateral
distances from the pLED (see Figure 4.16).

ture. The far-field spectrum corresponding to the light guided in the CQD film after
20 mm of propagation was also measured. There is a red-shift of this spectrum, due to
self-absorption, when compared to the forward emission (as illustrated in Figure 4.15
a)) of 3 nm for the red sample, 5 nm for the orange sample and 10 nm for the green
sample. It is also verified that the magnitude of the shift is affected by the propagation
distance, Figure 4.15 b).

The losses in this waveguided light are measured by collecting the emission through
the colour-converter structure, in the forward direction, as a function of the lateral
distance from the pyLED. This is shown schamatically in Figure 4.16. These losses
are due to self-reabsorption and consequently they are wavelength dependent. Figure
4.15 b) shows the forward intensity at 555 nm versus the lateral distance from the
puLED for the green sample. When the distance from the pLED is large enough so
that forward light and leaky modes are not significantly coupled into the detector, the
intensity decays exponentially. The loss can be extracted from this exponential decay.
The guiding loss for each colour-converter waveguide is 1.50 cm™, 0.97 cm™ and 1.05

cm™ for the red (639 nm), orange (594 nm), and green (555 nm) respectively.
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MTP uULED

a

Direction of photodiode

Photodiode translation

Figure 4.16: A schematic of the process for measuring the losses (as seen in Figure
4.15b)) in the waveguided light in the integrated pLED-colour-converter samples.

4.5.1 Data Transmission Measurements
Modulation Bandwidth

To show the potential of these integrated pLLED-colour-converter samples for VLC
applications the modulation bandwidth was measured. This measurement was done
at the University of Glasgow with the same setup as described in Section 3.3.1 and
shown in the schematic of Figure 1.21 a). A bias-tee was used to send both a DC and
a modulated AC signal to the uLED with the frequency response measured to find the
modulation bandwidth. Figure 4.17 shows the modulation bandwidths of the green and
orange integrated pLLED-colour-converter devices with respect to drive current. Both
samples reach a modulation bandwidth of around 10 MHz (9.7 MHz for the green and
9.9 MHz for the orange). These values are similar to those expected from the carrier

lifetime of these CQDs as in [138].
These measurements were taken with a Femto Si APD (HSA-X-S-1G4-SI) which will
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Figure 4.17: Modulation bandwidth results for CQD intgrated puLED-colour-converter
devices. The setup used to measure this can be seen in the inset.

measure bandwidths from 10 kHz up to 1.4 GHz [139]. Because of the smaller for-
ward power conversion efficiency, combined with the already low pyLED power com-
pared to similarly sized pLLEDs fabricated on sapphire, the red sample’s power is too
low to be detected by this APD. An attempt was made using a more sensitive APD
(Sensl-MicroFJ-SMA-30035) but the intrinsic bandwidth of the photodiode is only 4.1
MHz [140], which is lower than the expected modulation bandwidth expected from the

integrated pLED-colour-converter devices.

When illuminated with an external pLED from close proximity, these red CQD colour-
converters, fabricated identically but without TP steps, have a modulation bandwidth
of 16 MHz. [141]. It is assumed that the red integrated pLED-colour-converter device

will have a similar modulation bandwidth.
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a) Modulated
Colour- transfer printed
converter LED

~

Conical lens

Figure 4.18: Setup used for OFDM measurements on pLLED-colour-converter samples.
Shown a) schematically and b) in a photograph.

Data Rate

To further demonstrate the VLC capabilities of these integrated uLED-colour-converter
devices, the data transmission rates were measured. These were measured in the lab of
collaborators at the University of Edinburgh, similarly to those measurements outlined

in section 3.4.1.

OFDM measurements were acquired with the setup seen in Figure 4.18. Both a DC
signal (drive current, 3 mA) and a modulated AC signal (through a bias-tee) were
sent to the TP pLLED to modulate the light emitted by the integrated device. An
incoming stream of bits was modulated using multi-level quadrature (M-QAM) before
a Hermitian symmetry and inverse fast Fourier transformation (IFFT) operation was
applied on Nppp M-QAM symbols. Here Nppr = 1024. The resulting OFDM stream
was transmitted to the pLED through an arbitrary waveform generator (AWG), Agilent
81180A. The modulated light is then emitted by the integrated LED-colour-converter.

The sample was placed directly onto the top of a conical lens (a compound parabolic

condenser (CPC)), and the modulated light collected at the bottom of the lens with
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an avalanche photodiode (APD) (Hamamatsu S8664-50K). The detected signal is then
sent to an oscilloscope (MS07104B) and demodulated offline.

Because of the comparatively low power of these devices, the working distance is shorter
than the other OFDM measurements presented in this thesis (in Chapter 3 and 5), and
the measurements are back-to-back i.e. where the emitting device is coupled to the

APD through a lens, and travels through no free-space.
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Figure 4.19: Data transmission rate measurements for the integrated uLED-colour-
converter devices, at three different wavelengths. The FEC level is seen in red.

The OFDM data transmission rates measured for each integrated pLED-colour-converter
sample with respect to BER are shown in Figure 4.19 and were measured to be 46 Mbps,

46 Mbps and 61 Mbps for the red, orange and green sample respectively.

As seen in Figure 4.19, the data rates are realistically limited to a BER of 3.8x10™ and
so although the figure shows data rates higher than those previously stated for these
samples they would not necessarily be achievable in real-world applications (for more

information, refer back to the details on FEC at the end of Section 1.9.3).
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4.6 Summary

In this work, a novel colour-converting structure is demonstrated, which has potential
for visible light communications and possibly photonic chip applications. The colour-
converting structure has been fabricated by integrating, through a uTP process, an
ultra-thin blue-emitting InGaN pLED with a thin glass platform functionally enhanced

with CQD colour-converters.

Three different colours of CQDs have been used in this work to fabricate three different
integrated pLED-colour-converter devices: red (A = 630 nm), orange(A = 590 nm)
and green (A = 550nm). Once fully contacted, these hybrid pLED-colour-converter
devices achieve absorptions of over 95% of the uLED light and have forward power
conversion efficiencies of 9% for the red CQD sample, 12% for the orange CQD sample,
and 16% for the green CQD sample. The potential for these integrated pLED-colour-
converter devices for visible light communications applications has been discussed and
demonstrated, with data rates of 46 Mbps, 44 Mbps and 61 Mbps being achieved for

the red, orange and green samples respectively.
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Integrated Optical Transceiver

This chapter deals with the fabrication of an optical transceiver. The uTP technique
is used to integrate blue-emitting pLEDs with a fluorescent optical concentrator to
fabricate a device that can both transmit modulated blue light (from the pTP pLED)

and receive incident modulated light (from an external uLED).

The concept of an optical transceiver is first introduced, before the different ele-
ments used during the fabrication are described. The characterisation of the optical

transceiver device will also be discussed.

Finally, the idea of using this optical transceiver device as an optical relay is introduced,
where the modulated signal from the yTP pyLED is detected at an APD and that signal

is fed into the external pLLED and repeated.

5.1 Optical Concentrators

In order to fully utilise the available bandwidth from puLEDs, it is vital that the signal
to noise ratio (SNR) at the receiver is as large as possible. The easiest way of increasing

the SNR is to increase the amount of signal arriving at the receiver. However, large
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area photodiodes are expensive and slow (which limits the bandwidth) [142] (the APD
used throughout this work has an active area of 5 mm diameter) and therefore we must
find an alternative way to increase the SNR. We can increase the SNR in the receiver
by concentrating light onto the receiver using an optical element - conventionally a lens

or compound parabolic condenser (CPC).

LED

CPC——

Figure 5.1: Schematic of light from an LED being concentrated by a CPC onto an
APD.

Figure 5.1 shows a schematic of such a situation. For such optical elements with
refractive index n (i.e. the refractive index of the CPC in the case of Figure 5.1), the
maximum optical gain (the input area, Aj,, compared to the output area, Agy), is

limited by étendue:

2

. n
GG/LTL = m (51)

where 6 is the semi-angle defining the field of view. Therefore increasing the optical
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gain in a system will reduce the field of view [143]. This is not practical in VLC
applications over any real distance. A way to circumvent these limits, and increase the
field of view while still increasing the gain is to use a new kind of condensing optical
element - an optical concentrator (also sometimes called an optical antenna). This is
because they make use of a fluorescent material, which is accompanied by a Stoke’s

shift and colour-conversion, and do not rely exclusively on reflection or refraction.

(b)

Incident light
signal

Figure 5.2: Schematic of an optical concentrator. Light from an external source is
collected by the concentrator and converted by the fluorescent layer. It is then guided
to the end of the concentrator and concentrated (focussed) onto the APD, placed close
to the end facet. Image from [143]

These concentrators use a thin layer of fluorescent material sandwiched between two
pieces of glass cladding, see Figure 5.2, absorbing incident light and re-emitting at a
longer wavelength. The fluorescent material is chosen to have strong absorption at the
wavelength of the incident light (in the case of VLC applications, and in this work,
peaking typically around 450 nm to match the emission of InGaN-based blue-emitting
uLEDs) but weak reabsorption at its own emission wavelength. It must also have a
refractive index higher than the surrounding glass cladding such that the light is partly
trapped by total internal reflection and only escape at the end facets of the antenna.
A uniform, thin layer of this fluorescent material is important to be able to guide and
concentrate the incident light, from a field of view too wide for a small detector, to a

small area suitable for a small detector, thus increasing the signal-to-noise ratio. For
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VLC applications it is also important that a fluorescent material is chosen with a short
upper state lifetime (ideally less than 10 ns) so that it can be modulated fast enough

for fast data transmission. Recent results of work with these optical concentrators can

be found in [143,144].

5.2 Fabricating an Optical Transceiver
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Figure 5.3: Concept for an optical transceiver. Light is emitted by the pTP pLED,
and light is collected from an external yLED and colour-converted and concentrated
onto the end facet of the structure.

The optical concentrator, as fabricated by collaborators at the University of St Andrews
in [143], will be used to receive light from an external source (a blue-emitting pLED)

and guide it to the edge facet where it can be detected by an APD.

Transfer printed uLEDs are printed on the top of one of these optical concentrators,

and used to emit light i.e. they are the transmitter part of the integrated device.

Figure 5.3 shows the optical transceiver concept discussed below. The transfer printed
uLED can be seen on the top of the transceiver structure, which can be modulated to

transmit data. Modulated light from an external uLED is incident on the receiver part

120



Chapter 5. Integrated Optical Transceiver

of the transceiver (the optical concentrator) and is guided along in the fluorescent layer

to the edge facet of the concentrator.

5.2.1 Transfer Printing LEDs on Microscope Slide

To fabricate the integrated optical transceiver, a single 100 x 100 pm? pLED was
printed onto the top surface of a thick glass microscope slide. This was done using
wTP aided by capillary bonding, identically to the process described in Figure 4.6. The
same SU-8 insulation and metal deposition as in the previous two chapters was done

following p'TP to deposit metal tracks to address the uLED, see Figure 5.4.

Figure 5.4: a), b) and c) show decreasing magnification of images of the yTP pLED
printed onto a microscope slide.
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Characterisation of yLEDs on Microscope Slide

After uTP on the microscope slide, the electrical and optical characteristics of the
uLEDs were measured. These can be seen in Figure 5.5. The pyLEDs have a main
spectral peak around 460 nm. In Figure 5.5 ¢) we again see the Fabry-Perot effects

occurring when the pLED is printed onto the microscope slide.
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Figure 5.5: The a) IV, b) LI and c) spectral characteristics of a uLED transfer printed
onto a microscope slide. The spectrum was taken with a uLED drive current around 4

mA.

These pLEDs are from the same fabrication batch as those used in Chapter 3 and so we
can therefore compare the LI graphs from both. As seen in Figure 5.5b) these uLEDs
achieve an optical power of 54 W at 3.6 mA when printed on the thick glass microscope
slide. This is approximately 3 times less than the optical power at a comparable drive
current of the uLEDs on the device in Chapter 3 ( these achieve 152 uW at 3 mA, see
Figure 3.7 b)). Printed on glass, these uLEDs can also be seen to roll-over before 4 mA
- again much lower than on the integrated yuLLED device in Chapter 3. The differences
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in LI characteristics between these two devices can be attributed to the difference in
thermal coefficient between glass (1.4 W/mK) and sapphire (23 W/mK), as discussed
in Chapter 4. The inferior heat-sinking capability of glass means that uLEDs printed on
it will heat up quicker, meaning they cannot be driven to such high current densities
before the puLED becomes damaged. These uTP puLEDs on thick microscope slides
have an optical power of ~ 25 W at 2 mA, see Figure 5.5b). At the same current,
similar devices micro-transfer printed onto thin glass (as in Chapter 4, Figure 4.8) have
a lower current density of =~ 5 pW. This majority of this difference can be attributed
to the different thermal coefficients of these two glasses. We must note here that, as
previously discussed, the pLEDs used in Chapter 4 were fabricated slightly differently

to those used in this chapter and so a direct comparison is difficult to make.

5.2.2 Transceiver Fabrication

The receiver part of the optical transceiver was fabricated by Dr Pavlos Manousiadis,
at St Andrews University. A thin film of the fluorescent material commonly known
as “super yellow” was blade coated onto a microscope slide. “Super yellow” (SY)
is a conjugated polymer, aquired commercially from Merck KGaA (PDY 132). SY
has a short radiative lifetime (~1 ns) which means it can be modulated quickly. It
also has a high fluorescence quantum yield and is highly absorbant at 450nm, which
matches the emission band of blue-emitting InGaN-based puLEDs and thus makes it
an appropriate colour-converting material for some VLC applications [145]. Figure 5.6

shows the absorption and emission spectra for SY.

Initially, a 4 mg/ml solution of the fluorescent material was prepared by dissolving SY
in chlorobenzene. An automatic film applicator (Zehntner GmbH ZAA 2300) was then
used to blade coat the solution onto the microscope slide. During blade coating, the
temperature was set to 40°C, the speed of the blade to 30 mm/s and the height of the
blade to be 100 um above the microscope slide. This produced a homogeneous film

about 70 nm thick.
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Figure 5.6: Absorption and emission spectra for SY. The blue curve is the absorption
spectrum, and the red curve is the emission spectrum. Data from Merck SY data sheet
(see appendix).

The emission from the transfer printed pLED transmitter and the emission from the
external uLED that will be received and collected by the optical concentrator part of
the transceiver are at 460 nm and 450 nm respectively. Because of the similarity in
peak emission wavelengths, the emission from each yLED used in any VLC demon-
stration with this optical transceiver cannot be distinguished from one another if both
uLEDs are driven simultaneously. To lower interference because of this during data
acquisition experiments, a small circular area (diameter ~ 3 mm) of the SY film that
would be positioned directly under the TP pLLED was mechanically removed from the

microscope slide. This is seen schematically in Figure 5.3.

The microscope slide with the SY film was then spin coated with the optical epoxy
NOA 13685 (Norland Inc.), attached to the backside of the microscope slide where the
pTP uLED was transfer printed, and UV cured (365 nm, 7 Jem™). The completed

optical transceiver can be seen in the photograph in Figure 5.7. The low refractive
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Figure 5.7: Photograph of the completed optical transceiver.

index of the NOA 13685 further reduces the interference caused by the transfer printed
pLED and the unavoidably coupled light in the microscope slide it was transfer printed
on, trapping most received light in the SY film on the bottom microscope slide. In
Figure 5.7 we can see that most of the incident light collected by the fluorescent SY is

trapped in the bottom microscope slide by the high refractive index NOA 13685 layer.

5.3 Characterisation of the Transceiver

5.3.1 Spectral Characteristics

A spectrum was taken directly under the TP pyLED and at one end facet of the
transceiver, which will be referred to hereafter as detector position A and detector
position B respectively. These positions are marked APD A and APD B in Figure
5.8 and correspond to light transmitted by the transfer printed pLED (spectrum A)
and light collected and concentrated by the optical concentrator part of the transceiver
device (spectrum B). These spectra can be seen in Figure 5.9 and were measured with

an Avantes spectrometer (Avasoft 2048L).

The light at detector position A peaks at 460 nm (from the blue-emitting uTP puLED)
and the spectrum taken at detector position B has two peaks, the major one at 563
nm from the colour-converted SY light and a smaller peak at 543 nm from unconverted

blue light from the incident pLED, Figure 5.9. Perhaps one simple way to reduce the
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Figure 5.8: A a) photograph and b) schematic diagram of the setup used to demonstrate
the optical transceiver device. APD A is used to detect light emitted from the puTP
uLED, APD B is used to detect light received from the external yLED and concentrated
onto the end facet of the transceiver device.

interference between both uLEDs (TP and external) would be to use an external pLLED

emitting in the violet region rather than the 450 nm pLED used in this experiment.

5.3.2 Data Transmission

To demonstrate this optical transceiver, the data transmission rate was measured at
detector point A and detector point B (as seen in Figure 5.8) with the pTP pyLED
and the external blue-emitting yLLED simultaneously emitting modulated light. As in
the other data transmission rate measurements discussed throughout this work, the
uLEDs are driven by sending both a DC and a modulated AC signal from a DC power
supply and AC signal generator respectively through a bias-tee. The setup used in

these measurements is shown in Figure 5.8.

The data transmission rate, using OFDM, was measured for each pLED link: the pTP
pLED straight through the transceiver structure to APD A (referred to in the following
as link A), and colour-converted light from the yLED concentrated at the end facet of
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Figure 5.9: A) The spectrum taken at detector point A. B) The spectrum at detector
point B.

the transceiver structure at APD B (referred to in the following as link B). The position
of APD A, and APD B, is seen in Figure 5.8. The DC driving conditions for the uTP
pLED are 6.1 V and 3 mA and the driving conditions for the external uLED are 4.1 V
and 24 mA (as is required for these uTP pLEDs, the driving current was kept to below

a safe upper-limit of 5 mA to prevent overheating).

The data transmission rates for these two yuLED links are 165 Mbps and 413 Mbps for
link A (the uTP pLED) and link B (external pLED link) respectively below the FEC
level. These data transmission rates can be seen in Figure 5.10. The pTP pLED link
data rate is limited to 165 Mbps because, as it is only driven at 3 mA, the optical power

at APD A is fairly modest and the SNR not as high as for the external yLED.
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Figure 5.10: The data transmission vs BER results for link A and link B.

The APDs used in this demonstration, and used in all data transmission rate measure-
ments with this transceiver, are from Hamamatsu (S8664-50K). This has a bandwidth
of 60 MHz. The OFDM bandwidth used for both the uTP puLED and the external
pwLED is 45 MHz.

5.4 Optical Repeater

To show the functionality of the optical transceiver further, it was demonstrated as
an optical repeater in a decode and forward regime. A schematic of this device can
be seen in Figure 5.11. The setup for this demonstration is exactly the same as that
for the demonstration of the device as an optical transceiver as in Figure 5.8. An
incoming stream of bits is modulated into M-ary quadrature amplitude modulated (M-
QAM) symbols before a Hermitian symmetry and fast Fourier transformation (FFT)
operation is applied on N-FFT M-QAM symbols, where M is the constellation size.
The resulting OFDM stream is transmitted to the transfer printed pLED through an
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Figure 5.11: Concept for an optical transceiver and repeater. Data is transmitted from
uwTP pLED, and then relayed to the external pLLED and collected by the concentrator.

arbitrary waveform generator (AWG) Agilent 81180A with a sampling frequency 720
MS/sec. A root raised cosine (RRC) pulse shaping filter is used with an oversampling
factor of 8 which results in a single side modulation bandwidth of 45 MHz. This
modulated signal is then fed to the TP pLLED which transmits this data, as seen in
Figure 5.11. This is then detected by APD A (as seen in Figure 5.8).

The detected signal is sent to a Keysight 1 GHz mixed-signal oscilloscope (MSO7104B)
and demodulated offline in MATLAB®, where all the signal processing operations are
performed in a similar fashion to as in [146]. The demodulated M-QAM symbols are
then remodulated and fed to the external pLED. The emitted light of the external pLED
is collected by the concentrator and the data is detected at APD B. This transmission
from the uTP puLED and re-transmission of the same data from the external pLED
shows a proof-of-concept of the device working as an optical relay. Note that the
relay concept was demonstrated in this way as the pTP pLED has the lower data
transmission rate of the two uLEDs, and so was modulated first with the data then

sent to the external yLLED. In an ideal optical relay, the external yLED would have
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Figure 5.12: Data rates for the received and transmitted light in the optical relay
system. The dashed line shows the FEC level.

been modulated first, with the collected data from it being retransmitted by the uTP
uLED. However, with the performances of these uLLEDs as shown in Figure 5.10, it was
decided that to reduce issues the relay would be demonstrated as described above and
shown in Figure 5.11. The Matlab® coding and data transmission results were led by
Mr Mohamed Islim and Mr Yiang Lin from the LiFi R&D Centre at the University of
Edinburgh.

Figure 5.12 shows the data transmission rates from the external uLED at APD B and
the relayed data from the pTP puLED at APD A, which are limited to 140 Mbps and
165 Mbps below the FEC level. This data rate limitation is is due to the lower data
transmission rate of the uTP pLLED. The data transmission rate for the external pLLED

link when not in the relay, as quoted in Section 5.3.2, is plotted in the inset.

Figure 5.13 shows the transmitted and demodulated M-QAM symbols for both Links
A and B. The symbols demodulated at APD B exhibit higher noise variance due to the

additional demodulation process in the optical relay.
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Figure 5.13: Received signal constellations for Link A and link B.(a) 4-QAM;(b) 8-
QAM;(c) 16-QAM;(d) 32-QAM.

The QAM constellations for the received signal for link A and link B can be seen in
Figure 5.13. These show us the noise variance in transmitted and received signals, the
received signals from link B show more difference to the transmitted signal due to the

additional demodulation and remodulation steps required.

5.5 Summary

In this Chapter, the concept of an optical transceiver has been discussed. The uTP
technique has enabled an extra transmitting function to be added to an optical con-
centrator, where a blue-emitting uLED has been printed onto one. This creates a
device capable of simultaneously transmitting modulated light from the yTP pyLED
and capturing modulated light from an external pLED.
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The spectral and data transmission characteristics of this integrated transceiver device
have been explored and we have shown that it is possible to distinguish two separate
data streams from both the pTP pLED (165 Mbps) and the light received from the
external uLLED (413 Mbps). The transceiver device as an optical repeater has also been

investigated.
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Conclusion and outlook

6.1 Conclusion

The work presented here has focused on the heterogenous integration of blue-emitting
InGaN-based pLEDs onto various non-native substrates for VLC applications. This
work built on previous efforts over the past decade or so in pioneering the transfer
printing technique and the use of elastomeric stamps with reversible adhesion to pick-
up and print micro-and nano-scale semiconductor devices. In particular, the transfer
printing done throughout this PhD work makes use of a modified nano-lithography
system and expands on techniques developed by Dr. Anténio Trindade [94,95] during
his PhD project at the Institute of Photonics.

Chapter 1 gave an introduction to the basic operating principles of LEDs and their prop-
erties, with a particular focus on those fabricated from the III-nitrides. The operation
of electrically addressed LEDs was described, introducing the bandgap in semiconduc-
tor materials and how material structure therefore contributes to the light emission
from LEDs. The physics of the pn junction was also discussed with attention paid to it
in the context of LED operation. Material growth techniques for InGaN based LEDs

were discussed at length, as well as the growth of III-nitride material-based alloys in
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general. This materials system is important as it can cover the entire visible spectrum,
and the quantum well engineering required to yield LED emission across this range
from this materials system was covered. When discussing the growth of InGaN LED
epistructures, the advantages and disadvantages of growth on silicon was looked into,
as this is the basis for the LEDs fabricated for the work presented in this thesis. The
challenges associated with strain when growing InGaN LEDs on various substrates, as
well as the strain associated with the fabrication of the LEDs for the transfer printing

process were discussed.

The first chapter then gives an introduction to the concept of VLC. The basic ideas
and motivations behind this communication method were discussed, introducing the
idea of the RF bottleneck caused by the ever increasing desire for more and more data
communications bandwidths. The introduction of how optical sources, and in particular
LEDs, can be used to transmit information through fibres or free-space by modulating
the emission intensity was given. The two main ways of determining the suitability of
an LED for VLC were then introduced: modulation bandwidth and data transmission
rate measurements. The experimental techniques for taking these sets of measurements
were described. The chapter ended with a discussion on a few data encoding techniques
for fast data transmission with pLED sources, including OFDM which is the technique

used for data transmission with the yLEDs fabricated and used throughout this work.

During the second chapter, the TP technique was introduced. For the implementa-
tion of the transfer printing technique used throughout this work, several cleanroom
fabrication techniques were used. These were described in detail in this chapter. Micro-
transfer printing is facilitated by elastomeric stamps, made from PDMS, and the ability
to kinetically control the adhesion between various surfaces. The theory behind these
stamps was detailed in this chapter, along with the cleanroom fabrication process used

to fabricate them for my transfer printing work.

Suspended pLEDs are fabricated for the transfer printing work in this thesis using a
variety of dry and wet cleanroom processes. The pLLEDs are patterned using standard

UV photolithography: spin coating, exposure and development. Various plasma etching
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processes are implemented to etch the n-mesa and define the supporting anchors for
the suspended array of the uLEDs. To suspend these uLEDs the underlying silicon

substrate is removed, and the wet underetch process is described in this chapter.

Chapter 3 reports the fabrication and characterisation of a dual-colour integrated uLLED
device. This device was designed with the intention of it being used for VLC appli-
cations and the motivation for it was described at the beginning of this chapter. The
fabrication process for this dual-colour device was then detailed. First a 2 x 4 array
of green-emitting pLEDs was fabricated from an InGaN LED wafer on sapphire. The
IV and LI characteristics of these green uLEDs were then studied, as well as the mod-
ulation bandwidth. Blue-emitting yLEDs were then transfer printed into this array,
between the green pixels. This gives 2 x 8 array of alternating blue and green pLED
pixels. The post transfer printing process to electrically address the uLED array with
metal tracks was outlined. The characterisation of the blue-emitting uLEDs in the
array was done similarly to with the green-emitting pixels with IV, LI and modulation
bandwidths measured. The combined device was then characterised, with spectral and
data transmission measurements taken. The data transmission rate from the device
was measured in ganging regime first, where a single stream of data was sent with both
LEDs simultaneously driven. The device was then used to demonstrate WDM, where
two discrete streams of data are sent from a pLED pair. In the ganging regime, the
device has an optical data transmission rate of 360 Mbps. When measured in a WDM

regime, the device transmits data at 464 Mbps.

Chapter 4 deals with the fabrication and characterisation of more devices intended for
VLC applications, this time yLEDs integrated with a CQD flexible glass platform. This
work is the first time puLEDs have been reported transfer printed onto flexible glass.
The physics behind CQDs was discussed, before the concept of them as colour con-
verters. In these colour-converting integrated devices, the uLEDs are transfer printed
directly onto thin glass without the aid of an adhesive interlayer. This is facilitated
via liquid capillary bonding which is discussed in this chapter. The flexible glass with

uLEDs printed on it is then used to encapsulate CQDs, with this process detailed. The
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characterisation of the integrated pLED-colour-converter devices was then discussed.
The absorption and forward power efficiency was measured as well as the modulation

bandwidth and data transmission rates achieved by these integrated devices.

The final chapter in this thesis expands on the ideas from chapter 4. An integrated
optical transceiver is fabricated by transfer printing a uLED onto an optical antenna.
These optical antennae are discussed at length at the beginning of the chapter, along
with the motivations for fabricating the dual-purpose optical transceiver. In depth
characterisation of the data transmission and receiving capabilities of the transceiver

was done.

6.2 Future work

With the advances in uTP over the past few years, it should now be possible to print
semiconductor devices on virtually any flat enough substrate, possibly without the use
of an adhesive interlayer. In terms of future prospects for the pTP of LEDs and other
semiconductor devices onto new and capability enhancing substrates, the potential
impact of TP as a technique for heterogenous integration is great. As an additive
fabrication technique, new forms of mechanical stacking and assembly become possible.
With several papers being published over the past few years demonstrating its potential
for the integration of III-Vs with Si, for example in [93,147], its clear that this is an

area where the technique will have an impact.

In terms of taking the work discussed in the earlier chapters of this thesis forward,
one major follow up step would be to expand on the dual colour integrated device.
One immediate plan is to make a device for a dual-colour MIMO experiment. MIMO
(multiple input, multiple output) is a technique used to increase capacity in a data
transmission link by using multiple sources and multiple receivers. Specially designed
pLED arrays, as in [148], such that the spatial separation of multiple pixels can be used

to send multiple data streams simultaneously. By this theory, a dual-colour array, with
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1mm

Figure 6.1: Concept for a dual-colour MIMO pLED array.

known separation between each dual-colour pair of uLED pixels can be used to send
twice the streams of data than a single-colour uLED array. The array that will soon be
fabricated by colleagues at the Institute of Photonics, using techniques similar to those
outlined in Section 3.3 is shown in the microscope image in Figure 6.1. This 2 x 2 array
of blue-green pairs allows detectors to both spatially and spectrally separate which data
came from each pLED and so 8 streams of data can be sent simultaneously from the
device. As Figure 6.1 shows, the entire array is a little over 1 mm in size, and so has
the potential for larger arrays on small chips to send large amounts of simultaneous

data.

This dual-colour device could also be extended to produce a RGB array, by using
1TP to mechanically stack an AlGalnP red colour-converting membrane and a blue-
emitting uLED ontop of one another into the array. Tests on uTP these red AlGalnP
colour-converting membranes have been done at the IoP already and, while challenging,

further work should lead to the ability to accurately print these.

As just discussed, MIMO is a form of spatial multiplexing which allows for high speed
parallel data transmission by modulating multiple individual pLEDs simultaneously. To

address multiple uLEDs like this, the use of complementary metal-oxide-semiconductor
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Figure 6.2: SEM image of different sizes of platelets fabricated from GaN-on-Si printed
on glass via capillary bonding.

(CMOS) controlled pLED arrays has been reported by colleagues [28,149]. CMOS
enables the driving of multiple uLEDs via a computer interface. pTP can be used to
print pLEDs directly onto CMOS, and is already starting to be demonstrated here at
the Institute of Photonics. The aim is to demonstrate high-density parallel yTP onto
CMOS, by printing large arrays at once with specially designed elastomeric stamps,

rather that one at a time as has predominantly been done so far.

The use of smaller uLEDs offers clear advantages, they can be driven to higher current
densities and therefore can be modulated faster for high speed data communications.
Colleagues at the IoP have already begun work on producing and printing platelets
down from 100 pm to 30 pm, with several different platelets in different sizes seen in

Figure 6.2.

The ability to fabricate and print smaller pLEDs means that they can be utilised on
smaller surfaces. This is being realised in an ongoing PhD project of Antoine Boudet at
the Institute of Photonics on printing blue-emitting 50 um onto diamond neural probes
for optogenetics experiments. Neural probes with pLEDs have been fabricated already
from GaN-on-Si, as by McAlinden et al [150], with TP being used to fabricate similar
probes by Kim et al. [90].
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Figure 6.3: a) A neural probe with uLEDs, b) a neural probe fabricated via uTP, ¢) a
test neural probe design for d) a pTP-diamond-neural probe.
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Figure 6.3 shows these neural probes with uLEDs as fabricated directly from GaN-on-
Si (Figure 6.3 a)), using TP to print uLEDs onto flexible probes (Figure 6.3 b))and
printing a test pLED array on diamond (Figure 6.3 c)) to fabricate a probe as seen
schematically in Figure 6.3 d). Using diamond as the main probe material will spread
heat more effectively, allowing for more efficient light emission from the pTP puLEDs

as well as preventing heat damage to the neural tissue from the yLED.
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