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Abstract

This thesis is focused toward the fabrication and characterisation of electrically
injected micron and sub-micron featured IlI-nitride light-emitting diode (LED),
demonstrating new and interesting device structures. A number of unique fabri-
cation process have been developed in the production of 2D micro-hole array, 1D
nano-grating array and single micro/nano-pillar structured light-emitting devices.

Initial efforts consider the combined complimentary benefits of the organic
and inorganic semiconductor material systems, featuring the respective high-
performance fluorescent quantum yield and electrical properties. The main ad-
vantage to a hybrid organic/inorganic LED is the highly-efficient radiation-less
Forster resonance energy transfer (FRET) process, requiring near-field proximity
(< 10 nm) between donor (InGaN/GaN MQW) and acceptor (organic light-emitting
polymer) dipole. A 2D micro-hole and 1D nano-grating array structure through
the InGaN/GaN MQW of a high-performance LED have both been demonstrated
to provide the necessary dipole-dipole separation; resulting in respective FRET ef-
ficiencies of 16.7 % and 31.3 %, where total FRET interaction area accounts just
0.64 % and 3.91 %.

The emission of a c-plane IlI-nitride LED is intrinsically unpolarised, periodic
1D nano-grating arrays mean it can serve as an efficient blue light-emitter and po-
lariser through anisotropic strain relaxation. A uniaxial alignment of the otherwise
highly-disordered organic molecules is also then achieved through effective nano-
confinement to the 1D nano-grating structure, substantially increasing polarised
light absorption/emission with the molecular order. The polarisation dependent
measurements show the hybrid organic/inorganic device with a combined white
light polarisation degree up to 44 %; electrically injected blue emitting devices
have a highest 34 % polarisation degree with largest nano-grating duty-cycle.

A novel sub-wavelength fabrication method is also documented with the de-
velopment and optimisation of a modified single-instrument direct-write laser pho-
tolithography and high-resolution confocal photoluminescence microscopy sys-
tem; demonstrating mask-less laser-ablation and exposure of photoresist below
diffraction-limited spot-size. In a technical demonstration the electrical charac-
teristics of a 3.7 ym and 13 um diameter single micro-pillar structured II-nitride
LED are presented, but more significantly single nano-pillar devices with respec-

tive 326.2 nm and 382.1 nm diameter are also shown.
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Chapter 1

Introduction



2 Introduction

1.1 Introduction

II-nitride materials are considered the most important semiconductor alloy sys-
tem in solid-state optoelectronic application. This is because the III-V compounds
of aluminium nitride (AIN), gallium nitride (GaN) and indium nitride (InN) pro-
vide direct band-gap energy that cover beyond the entire visible spectrum (390 nm
to 720 nm). The miscibility and lattice constant of III-N materials allow further
composition of ternary and quaternary alloys, forming average properties of the
constituent elements’ . A band-gap energy between AIN 6.0 eV (206 nm), GaN 3.4
eV (364 nm) and InN 0.7 eV (1771 nm) is therefore all possible.

A double heterostructure InGaN/GaN light-emitting diode (LED) with an
Ing.17Gag g3N active region produces high-energy blue (~ 450 nm) light emis-
sion. This high-efficiency optoelectronic device in combination with a radiatively-
pumped yellow down-converting phosphor provides the current standard for
dichromatic solid-state white light”. The typical down-conversion material is a
powdered YAG (Y3Al50,2 : Ce3t) phosphor, requiring optically-active rare-earth

cerium (Ce) ion dopants”.

1.1.1 Motivation

Anthropogenic carbon emissions have continuously increased since mid-18th cen-
tury industrialisation™. This is the result of the increasing reliance on energy pro-
duction using carbon-intensive fossil-fuels with annual (2017) global CO;, net-
emissions of 41.2 GtCO,e, with UK contributing an estimated 460.2 MtCOye™*".
The UK (2017) electricity consumption totals 353.8 TWh, which is domi-
nated by non-renewable and non-environmentally friendly means. A breakdown
includes contributions in production of gas/coal 47.1 %, nuclear 20.8 % and re-
newable 29.3 %. However, end consumption is primarily split between domestic
(105.4 TWh), commercial (73.8 TWh) and industrial (92.6 TWh) sectors complete
to 271.8 TWh'. The UK is committed to legally-binding targets that will see re-
duction in the 1990 anthropogenic carbon emissions by 34 % in 2020 and further
to 80 % in 2050, as stated in the Climate Change Act 2008; committing even more
recently to attain net-zero emissions in that same period®™”. The UK parliamentary
strategy to meet gradual decreasing carbon budgets is two-fold, and includes a low-
ered reliance on non-renewable (carbon-intensive) energy and reduced consump-

tion through increased efficiency, where equivalent CO, emissions are an already
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estimated 42.1 % lower than in 1990°.

A reported ~20 % of the 25082 TWh generated electricity is consumed in ar-
tificial lighting applications, accountable for an approximate 1900 MtCO,e global
CO; emissions annually'*>' . The transition of present artificial lighting to predom-
inantly high-efficiency low-carbon LED technology can therefore result in consid-
erable energy reduction without impact to performance’. The European Union
(EU) introduced recent legislation across member states to regulate a gradual
phase-out of incandescent light bulbs between 2009 and 2012; with a widespread
cost-effective social shift to the ~ 80 % more efficient compact fluorescent lamp
(CFL)

The incandescent light bulb relies on thermal black-body radiation of a tung-
sten filament, and therefore has intrinsically low ~ 16 Im/W luminous efficacy
A fluorescent lamp generates light emission through an electrical discharge across
gas, exciting mercury-vapours (5 mg). The internal transitions release ultravio-
let photons that are then down-converted to visible-wavelength, typical luminous
efficacy of a CFL are less than 100 Im/W

LEDs provide an alternative for further improvement in luminous efficacy, with
theoretical limits between 250 Im/W and 370 Im/W, and commercially available
up to 150 Im/W '*. However, despite evident advantages of solid-state lighting the
inherent high manufacturing-costs slows uptake, although this can be offset across
the significantly longer LED lifetime (> 100000 hours)

1.1.2 History

The LED was initially discovered by H.J. Round, published in 1907, in which elec-
troluminescence from a carborundum (silicon carbide) diode was first claimed
0.V. Losev then independently rediscovered the LED, with publication in 1927, de-
tailing light emission of silicon carbide diodes with electrical excitation. Although
this had first been noticed in 1907, O.V. Loseyv, correctly theorised that quantum
mechanics explained the non-incandescent light emission' "

The first functional LED wasn’t then developed until 1961, when J.R. Baird
and G.E. Pittman patented a near-IR GaAs PN-junction LED emitting at 890 nm
N. Holonyak and S.F. Bevacqua in 1962 are then accredited for demonstrating the
first visible light (red) GaAsP LED emitting at 710 nm~".

LEDs with shorter wavelength have since been produced using similar III-V

compound semiconductor materials, including GaAsP with increasing P content.
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The limitation of GaAs; 4Py is that with a phosphorous mole fraction above 0.44
the radiative efficiency decreases significantly, attributed to a direct-indirect band-
gap transition” »~“. Therefore SiC, with an indirect band-gap, was the only material
capable of creating blue LEDs, with low efficiencies and maximum external quan-
tum efficiency (EQE) of 0.03 % at 470 nm~"

GaN was first obtained in 1932 by W.C. Johnson et al.””; despite this single
crystalline growth was not realised until 1969 by H.P. Maruska and J.J. Tietjen us-
ing hydride vapour phase epitaxy (HVPE) technique™". This allowed the first opti-
cal investigation of undoped single-crystal GaN, measuring a direct wide band-gap
of 3.39 eV-'. H.P. Maruska et al. also discovered the undoped GaN films exhibit
inherent n-type properties, with electron concentrations typically above 10! cm™.
This unintentional n-type conductivity is a result of the disassociation of nitrogen
atoms in GaN at temperatures of 600 °C, leaving nitrogen vacancies in the crystal
lattice””"°. Preliminary attempts to incorporate acceptor impurities (Zn and Mg)
yield high-resistivity insulating materials (> 10° Qlcm)

J.I. Pankove et al. reported in 1971, in absence of p-type GaN, the electrolu-
minescence of a metal-insulator-semiconductor (MIS) GaN LED structure~”. MIS
LEDs with 2.35 eV (green) and 2.8 eV (blue) emission at approximately 510 nm
and 440 nm, were demonstrated respectively. This was achieved using the same de-
vice with lower concentration of Zn doping in the insulating GaN layer at shorter
wavelength”””. H.P. Maruska et al. then subsequently invent an MIS LED in
1972, with an insulating Mg-doped layer, which emits electroluminescence cen-
tred at 2.9 eV (violet) 425 nm"'. The high-resistivity of Zn and Mg acceptor dop-
ing means the MIS LEDs exhibit luminescence under a large electric-field, caused
by avalanche breakdown impact ionisation effects’

1971, also saw H.M. Manasevit et al. grow the first single-crystalline GaN us-
ing metal-organic chemical vapour deposition (MOCVD)"~; which is a significant
step because of the capacity MOCVD provides to deposit mono-layers, a require-
ment for multi-layer device structures.

[I-nitrides were limited then by the inability to grow high-quality materials
and absence of p-type conductivity; research focus to realise efficient blue emitting
LEDs was then ZnSe (II-VI).

The first high-quality films were not achieved until 1983 when S. Yoshida et
al. attempted to grow GaN on AIN coated sapphire substrates using molecular

beam epitaxy (MBE)’”. H. Amano and I. Akasaki et al. then repeated this two-
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step growth method in 1985 using MOCVD™". This technique requires the low-
temperature (600 °C) growth of a thin initial AIN nucleation layer on sapphire, ad-
dressing the large lattice mismatch between GaN and foreign substrate””. A high-
quality GaN layer is then obtained with the subsequent high-temperature growth
(1030 °C), with defect density decreasing significantly above 300 nm™. A similar
two-step method was then introduced in 1991 when T. Moustakas et al. used MBE
to grow an initial low-temperature GaN buffer-layer, with the remainder grown at
higher temperatures

S. Nakamura et al. proposed in 1991 a novel two-flow MOCVD system, pro-
ducing high-quality GaN grown directly on sapphire. The two-flow system requires
a flow of reactant and inactive gas parallel and perpendicular to the substrate, re-
spectively, with purpose of controlling the direction of the reactant gas’. S. Naka-
mura et al. also in 1991 grew the first high-quality GaN film with GaN buffer-layer
across a 2" sapphire substrate using the two-flow MOCVD system

The most significant achievement in development of high-efficiency Ill-nitride
optoelectronic devices was in the realisation of p-type GaN. GaN:Mg layers had
been considered strongly resistive, until 1989 when H. Amano et al. used low-
energy electron-beam irradiation (LEEBI) to activate p-type conductivity; with Mg

3 resistivity dropped to 35 Qcm from ~

concentration in the order of 10?° cm’
108 Qcm™*!. This achievement allowed H. Amano et al. to report the first GaN
PN-junction UV LED, proving the possibility of using Mg as an effective p-type
acceptor . S. Nakamura in 1992 then alternatively demonstrated uniform p-type
GaN throughout the complete film by thermal annealing above 700 °C in a N»-
ambient atmosphere. The initial resistivity of 10° Qcm fell in the range of 2-8 Qcm
after treatment; resulting in a blue PN-junction LED centred at 430 nm with an
EQE of 0.18 %"~. This caused J. Van Vechten to propose in 1992 that the presence
of NH3 during growth was cause of acceptor compensation in the material, forming
Mg-H neutral complexes, and that a sufficient energy dissociates hydrogen to free
the shallow acceptor

The significant progress that resulted in high-quality GaN on sapphire and
controllable p-type doping techniques moved focus to the development of high-
efficiency short-wavelength IlI-nitride LEDs.

Double heterostructures (DH) are essential in high-performance optoelectronic
devices, because of carrier confinement and increased quantum efficiencies. The

most promising DH active-layer material for high-efficiency blue emission is In-
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GaN, with a functional band-gap between 2 eV (620 nm) and 3.4 eV (365 nm),
dependent on the indium mole fraction™. S. Nakamura et al. in 1992 successfully
produced a high-quality 300 nm InGaN layer on GaN, after N. Yoshimoto et al.
in 1991 demonstrated the first high-temperature (800 °C) high-quality InGaN film
grown on sapphire™. The Ing 14GaggeN and Ing34Gap 76N layers grown on 2 um
thick GaN resulted in a respective 400 nm (violet) and 445 nm (blue) photolumines-
cent band-to-band emission™". S. Nakamura et al. then in 1994 is able to report the
first [lI-nitride blue LED (450 nm) using an Ing 0cGag 94N/Alg 15Gag gsN DH, with
highest ever luminous intensity of 1.2 cd™. High-brightness single-quantum well
LED structures, with a ~2 nm undoped-InGaN active-layer, were then grown by S.
Nakamura et al. in 1995, emitting at the blue (450 nm), green (525 nm) and yellow
(590 nm) wavelength with In content of 20 %, 43 % and 70 % respectively

The significant contributions of I. Akasaki, H. Amano and S. Nakamura in
the development of efficient blue LEDs was recognised with The Nobel Prize in
Physics 2014

1.1.3 Project Description

This project considers primarily the fabrication and characterisation of micron and
sub-micron structured IIl-nitride electrically injected light-emitting diode device;
connecting original work on hybrid organic and inorganic III-N semiconductors
with direct-write laser nano-photolithography.

Initial parts reflect on the combination of organic and inorganic III-N semicon-
ductors, fabricating hybrid white LED with the complimentary benefits of both ma-
terial systems™ . A resulting device will feature the respective high-performance
electrical properties and fluorescent quantum yield (> 85 %) of inorganic and or-
ganic materials’~. The basic configuration, achieving white light emission, in-
volves the partial down-conversion of electrically injected blue InGaN/GaN LED
by organic light-emitting polymer (OLEP).

The significant advantage to hybrid organic/inorganic LEDs is the possibil-
ity of highly-efficient non-radiative Forster resonance energy transfer (FRET)
FRET involves the near-field (< 10 nm) radiation-less electronic energy transfer
from the inorganic active region to OLEP, where it radiatively emits at rates above
FRET . Avoiding intermediate steps preceding the photoluminescence of the
down-converting material, which before absorption includes photon emission and

extraction in the inorganic LED™". This energy transfer process therefore generates
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change in the recombination dynamics, resulting in significant enhancement of the
total device efficiency; where FRET rate is sufficient to suppress non-radiative re-
combination and improve carrier lifetime (7)’”. The geometric configuration of
the proposed hybrid white LED therefore aims to minimise the separation between
donor and acceptor dipoles. This requires a top-down fabrication of a 2D micro-
hole array structure through the multi-quantum well (MQW) of a standard planar
LED device, allowing an adjacent coupling.

The implementation of an electrically-pumped LED using FRET coupling to a
down-conversion material has significant potential to improve efficiency of existing
solid-state white light’". The decreasing carrier lifetime also presents application in
simultaneous illumination and ultra-fast high-bandwidth visible light communica-
tion, improving bandwidth with decreasing emission wavelength”’. The increased
modulation rate (%) is typically restricted by the phosphor recombination lifetime
(~70 ns), where receivers filter the slow yellow component’*

A polarised white light emission is also possible by combining a one-
dimensional nano-grating structure through standard c-plane InGaN/GaN MQW
with down-converting OLEP confined to the nanoscopic domain’’. This having
benefits in areas of liquid-crystal display backlighting, requiring an intrinsic po-
larised light source that would instead necessitate polarising filters; polarisation is
the property describing the orientation at which lights transverse electromagnetic
field oscillates.

Emission of a c-plane III-N LED is intrinsically unpolarised. A periodic one-
dimensional array of nano-scale channels mean it can serve both as an efficient blue
light-emitter and polariser through an expected anisotropic strain relaxation™
Uniaxial alignment of the otherwise highly-disordered organic molecules in their
liquid-crystalline (LC) phase is achieved through effective nano-confinement to the
one-dimensional inorganic LED grating structure”-"~. The conjugated polymer
backbones are orientated parallel to the direction of confinement on order less than
the molecular chain length. This results in a substantial increase in molecular order
that improves both charge transport properties and polarised absorption/emission
of light"

The implementation of an electrically-pumped LED using FRET coupling to
a down-conversion material therefore has significant potential to improve the ef-
ficiency of white lighting. A hybrid organic/inorganic LED ultimately benefits

mutually from the high optical-performance of the InGaN/GaN inorganic emitter
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and alignment enhanced high-efficiency FRET colour-conversion process.

The project later also looks to combine advanced epitaxial growth, nano-scale
fabrication and characterisation of III-nitride optoelectronics in attempts to produce
a first visible light electrically injected single nano-laser.

Sub-wavelength fabrication is otherwise restricted by the diffraction-limit,
where features of an optical component approach dimensions on order of the wave-
length of light (~ %). This requiring first optimisation of a single-instrument direct-
write laser photolithography and high-resolution confocal photoluminescence mi-
croscopy system, demonstrating mask-less high-power laser-ablation and 2-step
exposure of photoresist below the diffraction-limited spot-size without loss to res-
olution. This leading to the development of an efficient and low-budget optical
nano-fabrication technique outside electron-beam lithography.

An ultra-stable high-performance single nano-laser is well-suited to nano-
photonics, overcoming existing challenges facing electronic integrated-circuit in

fundamental speed and bandwidth limit

1.2 Issues and Limitations

1.2.1 Lattice Mismatch
Substrate

The absence of an inexpensive native bulk III-nitride substrate restricts homo-
epitaxial material growth. III-N semiconductors therefore more commonly utilise
foreign substrate, suitable for high-temperature epitaxy, which include sapphire
(Al,O3), silicon carbide (6H-SiC) and silicon (Si, 111)

The difference in structural properties, lattice parameter (table 2.1) and ther-
mal expansion coefficient, between the hetero-epitaxial III-N and substrate lead
to a high-density of strain-induced defects. A crystal lattice defect, discussed in
section 2.1.7, introduces non-radiative recombination centre, which act to reduce
the materials quantum efficiency with increasing density”’. A typical dislocation-
density of III-N materials is on the order of 103-10° cm™, sufficient to render
other II-VI and III-V system optically inactive””

The ~ 16 % lattice mismatch in c-plane wurtzite GaN and favoured sapphire
substrate, as shown in Figure 1.1, results in compressive strain within the epitax-

ial layer”™. GaN undergoes a 30° intrinsic rotation in the hexagonal basal-plane
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O GaN

O Sapphire

Figure 1.1: Demonstration of Sapphire and GaN lattice mismatch (not to scale).

relative to the sapphire substrate, reducing the effective lattice mismatch from cal-
culated ~49 %

The low-cost of sapphire mean it remains the most commonly used substrate,
despite an improved lattice mismatch with 6H-SiC’'. However, mature-technology
of silicon (cubic) allows further commercial value in the provision of budget large-
diameter substrate, although with worse corresponding structural properties.

The availability of viable free-standing bulk-GaN substrate is limited by inabil-
ity to grow single-crystalline boule using Czochralski process, owed to the high
melting point of GaN (> 2500 °C)’~. The existing native GaN substrates are grown
thick on lattice mismatched substrate using hydride vapour phase epitaxy (HVPE),
before separating the free-standing GalN

Polarisation

The favoured wurtzite crystal structure of GaN, discussed in section 2.1.2, develops
a spontaneous polar field acting in the direction of the c-axis {0001}. This is caused
by the lack of inversion symmetry in the c-plane of the hexagonal wurtzite unit cell,
making GaN a polar molecule'. A polar molecule has a permanent electric dipole-
moment, which results from slight displacement in charge caused by differences in
electronegativity between constituent Ga (1.81) and N (3.04) atoms

In addition to spontaneous polarisation, InGaN/GaN low-dimensional quantum-
confined double heterostructure, section 2.2, induce a dominant piezoelectric field.
Figure 1.2 demonstrates pseudomorphic compressive strain causing this piezoelec-

tric polarisation in films below the critical-layer thickness; resultant of the lattice
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mismatch between GaN and InGaN that increases with indium composition

(a) (b)

Figure 1.2: (a) lattice match (b) lattice mismatch and psuedomorphic compressive

strain.

The mechanical stress, acting on a unit cell absent of a centre of symmetry,
causes separation and imbalance in charge across the molecule. The polarity of the
polar field is therefore dependent on the direction of applied strain. A compressive
strain means that the piezoelectric field acts in the {0001} direction, conversely a

tensile strain is observed in the opposite {0001} direction.

Quantum-Confined Stark Effect

The presence of the piezoelectric field across low-dimensional InGaN/GaN dou-
ble heterostructure results in the Quantum-Confined Stark Effect (QCSE), before
crystalline defect formation induces strain relaxation™>'". This strong piezoelectric

field is formed perpendicular to the QW-plane in the {0001} direction

(a) (b) GaN InGaN GaN
GaN InGaN GaN

CB CcB

E -
ve \\// vB

electron wavefunction E-Field

. hole wavefunction

Figure 1.3: Quantum-Confined Stark Effect in (a) non-polar and (b) polar orienta-

tion.

QCSE is the quantum confined change in the absorption or emission spectrum

to low-energy (red-shift) in response to an applied electric-field’®. The piezoelec-
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tric field produces an intrinsic triangulation within the potential well bandstructure
between opposing barriers, moving carriers to favoured energy state reducing the
effective band-gap’®, demonstrated in Figure 1.3. This is caused by a spatial dis-
placement of electron and hole concentration in opposite directions to the boundary
of the QW structure, resulting also in a decreasing carrier wavefunction overlap

The reduced electron and hole wavefunction overlap leads to a decreased interband

optical-transition probability, increasing the radiative lifetime and therefore lower

quantum efficiencies

Green Gap

A significant consequence of QCSE, in the III-N alloy system, is the absence of an

efficient light-emitting composition in the green region of the visible spectrum.
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Figure 1.4: Peak wavelength vs. external quantum efficiency (0O) {0001} c-plane

InyGa(_yN, (O) (AlyGa(i_y))o.52In0 43P and (--) CIE V(A) human eye sensitivity
response

The InyGa(;_,)N alloy system can cover the entire visible spectrum (390 nm
to 720 nm), discussed in section 2.2. Emission energy is dependent on the indium
mole fraction (x); developing an intermediate between GaN (3.4 eV, 365 nm) and
InN band-gap (0.7 eV, 1771 nm). However, increase in the indium composition
also results in a larger lattice mismatch in the InGaN/GaN QW structure, which

in turn strengthens the piezoelectric field. The QCSE therefore causes a rapid de-
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cline in the device quantum efficiency as the emission wavelength tends towards
the green region (~510 nm)"', as in Figure 1.4 with the CIE V(A4) human eye
sensitivity response shown as reference. A higher indium incorporation also re-
quires slow growth rate and low-temperature conditions, which adversely affects
the crystalline quality, introducing additional non-radiative recombination centres
that further reduce the internal quantum efficiency (IQE)'

The InGaN/GaN QW structured LED can therefore provide efficient blue
and violet light, longer wavelength orange and red are even possible using
(AL,Ga(y_y))(1—y)InyP LED. The III-P material system is however restricted to
emission wavelengths between 560 nm (yellow) and 650 nm (red). A direct band-
gap is available for only x < 0.53, where a direct-indirect band-gap transition oc-
curs beyond this composition. The alloy is lattice matched to high-quality GaAs
substrates at y = 0.48, an essential requirement since a high defect density would
otherwise result in significant quantum efficiency reduction

The efficiency in both alloy systems therefore decreases significantly approach-
ing the green region, resulting in the green gap. This highlights the present neces-
sity to combine efficient high-energy blue InGaN/GaN LED with yellow down-
conversion materials to achieve solid-state white lighting”. However, improvement
of the QCSE is concentrated on reducing the piezoelectric component in the di-
rection of QW confinement; including strain relaxation and epitaxial growth in

orientations angled from the {0001} c-plane

< o

»a;

%
as

Figure 1.5: Wurtzite crystal orientations (a) c-plane (polar), (b) m-plane (non-

polar), (¢) a-plane (non-polar) and (d) r-plane (semi-polar).

A strain reduction can be achieved using composition gradient across an inter-

mediate superlattice that effectively modifies the material lattice constant®™ . Alter-
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natively, the post-fabrication of a nanostructure within strained epitaxial layers also
allows strain relaxation, removing pseudomorphic transition by the Poisson effect,
similar to the defect formation

The piezoelectric effect is however conditional on the crystal orientation, as
Figure 1.5, where the strongest electric-field is generated in the polar (c-plane)
direction. This allows control of the piezoelectric field through a redistribution
away from the confinement direction. The growth in semi-polar (r-plane) and non-
polar (a-plane/m-plane) directions, orientated 39° and 90° from the {0001} axis,

exhibit no longitudinal piezoelectric effect

1.2.2 Efficiency Droop

III-N LEDs require operation under a relatively low current density (< 10 Acm™2).
This is because resultant quantum efficiencies begin to significantly decrease (>
40 %) with further increase in the driving current®’, as demonstrated in Figure
1.6. A considerable problem in high-power high-brightness LED, where many
applications demand high-efficiency under current densities above 50 Acm ™2
The light output power of an LED should ideally increase linearly with the injection
current; although an accepted compromise is to maintain a low current density
efficiency peak and subsequently minimise the efficiency droop

The exact origin of efficiency droop still remains unknown, therefore remains
unsolved without clear consensus, though the fundamental cause is a non-radiative
recombination channel negligible at low-current. The most promising suggested
mechanisms include carrier leakage, Auger recombination and density-activated
defect recombination (DADR)

>

Adu3121443 Winjueny |eulaixa

Current Density (Acm2)

Figure 1.6: Current density vs. external quantum efficiency
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 Carrier leakage refers to the injected carriers that transport through the ac-
tive region without undergoing recombination, either escaping or avoiding
quantum confinement"’. The inability to confine electrons within the active
region is a result of an electron with sufficient energy to bypass the QW, as
a hot-carrier””. Alternatively, at high current density a carrier injected over-
population of the finite active region volume is possible, causing carriers
above the QW potential barrier to delocalise’. An electron-blocking layer
(EBL), grown between the p-GaN and active region interface, a heavily p-
doped AlGaN layer with large band-gap relative to the remaining structure.
The purpose of the EBL is to confine electron within the QW and transmit
holes from the p-type region, an ineffective EBL is therefore a suspected

cause of carrier leakage”.

* Auger recombination involves the non-radiative transfer of the emission en-
ergy to a third charged particle, promoting it to a higher energy level. As
a three-particle interaction, Auger recombination is therefore expected to

dominate at increasing carrier density

* DADR suggests that at low current density the carriers are confined to po-
tential minima within the QW-plane, which result from inherent fluctuations
in the InGaN/GaN bandstructure®”. It is understood that these potential min-
ima, with low defect density, are efficient radiative recombination centres
An increasing carrier injection ultimately results in the overpopulation of
these states, causing a delocalisation of carriers to regions with significantly
higher defect density. This results in an increase in the non-radiative recom-

bination rate above a threshold current density, typical of efficiency droop

1.2.3 Light Extraction Efficiency

EQE is a measure of the extraction of internally generated photon, limited by the
poor light extraction efficiency (LEE) of IlI-nitrides. This is caused by an optical
waveguide effect, which result from the large difference in refractive index (n)
between ambient-air (n = 1) and GaN (n = 2.5)"". The light is therefore mostly
confined internally through total internal reflection (TIR), where the photon energy
is then ultimately lost through collisions or absorption. The condition of TIR (8 >
6,) is defined by Snell’s law, equation (1.1), and states that an angle of incidence

above the critical angle will result in reflection.
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GaN
n=2.67

Figure 1.7: Total internal reflection in GaN.

The critical angle of the GaN-air interface is ~ 23.6°, defining an extraction
cone in each dimension from the origin of the spontaneous emission as in Figure
1.7. The optical performance of III-N LED is therefore constrained by the small
proportion (# ~ 0.04) of generated photon that escape each face of a standard

planar device

. Ngi
0, = arcsin —~ (1.1)
Ngan

0. = critical angle
N,;; — ambient-air refactive index

Ngan = GaN refractive index

The IQE of a typical InGaN/GaN LED is particularly high (> 80 %), given as
the conversion ratio between photon generation and injected carriers’”. To over-
come the large difference between IQE and EQE, a significant improvement in
LEE is therefore required.

A number of methods aimed at LEE enhancement have been suggested, includ-
ing geometric shaping, surface texturing and patterned sapphire substrates (PSS).
The basic principle of these methods is to influence change in the angle of inci-
dence, giving reflected and redistributed light additional opportunity to escape at
the next interface

A geometric shaping, away from a standard square LED device, results in re-
duced TIR in the horizontal-plane as consequence of modified incident angle on
the non-parallel facets”". This has been demonstrated with circular, triangular and

lozenge LED structures””>"”>""; even in three-dimensions as a truncated pyramid
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The surface texturing of the substrate, semiconductor and/or current spreading
layers allows improved photon diffusion, introducing additional scattering mechan-
ics that influence the subsequent direction of the light

PSS forms a non-planar interface between GaN and the sapphire substrate, re-
quiring epitaxial growth on the ex-situ patterned and etched substrate, resulting in
improved crystalline quality . The lower refractive index of sapphire (n ~ 1.8)
relative to the GaN layer means the optical waveguide effects again confine most
light to the semiconductor’”. A PSS therefore has similar influence as surface tex-
turing, effectively increasing the photon diffusion compared to the planar substrate,

improving transmission of propagating light into the sapphire
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2.1 Background Information

2.1.1 Isolated Atoms

The Bohr atomic model describes isolated atoms with discrete bound negatively
charged electron clouds around a nucleus of positive charge, where stationary elec-
tron orbital positions are defined such that an electron’s angular momentum is con-
tained to integer multiples (> 1) of % .

The de Broglie relationship, equation (2.1), considers the wave-like behaviour
of electrons and relates the wavelength ()) inversely proportional to the particle’s
momentum (p). This means quantised electron energy levels can instead be de-
fined by standing waves that conform an integer number of wavelengths that fit
the orbital circumference”. The Planck—Einstein relation, equation (2.2), then de-
fines quantised energy of massless particles relative to their oscillation frequency

(v= %) in multiples of the Planck’s constant (6.63x1073* Js)".

2.1

(2.2)

A = wavelength

h = Planck’s constant (6.63 x 10734 Js)
p = particle momentum

E = energy

¢ = speed of light (3.00 x 108 ms™1)

An atom consists of different orbitals that can each accommodate only a pre-
defined number of degenerate electrons. These ground orbitals are S (2), P (6),
D (10), and F (14) listed in order of increasing energy with the total quantity of
electrons succeeding in brackets. Electrons naturally first fill the most favourable
low energy states. This is controlled in part by the Pauli exclusion principle, which
states no two identical fermions can concurrently inhabit the same quantum state™.
However, electrons demonstrate spin, a property somewhat synonymous to the
principles of electromagnetism. Electron spin is a quantised angular momentum,

exhibiting a magnetic field moment, acting in parallel (spin-up) and anti-parallel
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(spin-down) directions. This means in actuality each quantum state can contain

two electrons, each with opposite spin.

2.1.2 Crystal Structure

The energetically favourable condition of an atom is to have a completed outer
valence band orbital. To satisfy this neighbouring atoms share electrons in covalent
bonds. It is therefore no longer valid to consider the system as an isolated atom.

This interaction of valence electrons between atoms describes their structural
position in a highly ordered crystal lattice, characterised by its unit cell. A unit cell
is the primitive volume that can be repeated as a periodic array to form the correct
three-dimensional crystal structure’. The arrangement of atoms in the solid-state
determine the material’s many physical characteristics, which include its electrical,
optical and mechanical properties”.

III-N materials can exist with a primitive wurtzite, zincblende and rock-salt cell
structure’-°. However, in application III-nitrides primarily exist in a wurtzite struc-
ture as a result of its improved thermodynamic stability under ambient conditions;
this study is therefore limited to wurtzite structures.

The hexagonal wurtzite unit cell consists of two-sets of atoms arranged tetra-
hedrally, four N atoms centred on a single group-III, and vice-versa. The III-N
wurtzite crystal then exists as interpenetrating group-III and N sub-lattices stacked
sequentially in a hexagonal closed-pack (HCP) lattice, both demonstrated in Fig-
ure 2.1. This means neighbouring planes are positioned horizontally so that the

separation in the c-axis, perpendicular to the unit cell hexagons, is at a minimum”.

Table 2.1: Lattice parameters of wurtzite GaN, InN, AIN and sapphire (Al,O3)’.
ad) cAh ¢

a

GaN |3.189 5.185 1.626
InN |3.544 5718 1.613
AIN |3.111 4978 1.600

Al,O3 [ 4.758 12.991 2.730

As in table 2.1, wurtzite is characterised by lattice parameters a, b and c. The
hexagonal symmetry means that a = b # ¢, where a and b are the inter-atomic

distances in the hexagonal plane and c is the inter-atomic distance in the c-axis’.
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Om
oOv

Figure 2.1: III-N hexagonal closed-pack lattice and primitive wurtzite unit cell.

2.1.3 Bandstructure

In the solid-state, as N atoms are brought together, individual quantised energy
levels divide (Pauli exclusion principle) to give N unique energy levels. Two seem-
ingly continuous energy bands are ultimately formed in the case of a large number
of atoms, which are the conduction band (CB) and valence band (VB). The VB
consists of the states of all bound electrons, which have insufficient free energy to
move unrestricted through the lattice, whereas the unoccupied energy states avail-
able to free electrons complete the CB.

The CB and VB are isolated by a forbidden energy band-gap, in which no
available energy states exist. The band-gap is defined as the difference between the
lowest CB and highest VB energy levels, equation (2.3), quantifying the minimum

energy required to promote a VB electron to the CB.

E,=E.—E, (2.3)

E; = band-gap energy
E. = conduction band minima

E, = valence band maxima

The Fermi-Dirac distribution, equation (2.4), provides the statistical distribu-
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tion of fermions (electrons) with respect to energy, giving the energy states proba-

bility it is occupied ™

1
1+ exp(Ek;?)

F(E) (2.4)

F(E) = Fermi-Dirac distribution
Ep = Fermi level
kg = Boltzmann constant (1.38 x 1072} JK 1)

T = absolute temperature

The bandstructure is typically represented by the dispersion relationship, which
relates energy as a function of angular spatial frequency (wavenumber), and there-

fore momentum, from equations (2.5) and (2.6).

k= (2.5)

S S p‘ [(\:I)

k= (2.6)

k = wavenumber

h = reduced Planck’s constant (1.05 x 107>* Js)

2.1.4 Semiconductors

The band-gap of a material is the fundamental parameter that distinguishes con-
ductors, semiconductors and insulators. A semiconductor has properties between
a conductor and insulator, which allow and prohibit the flow of electric charge,
respectively. Conduction is only possible where an energy band isn’t completely
occupied or unoccupied.

At T =0 K a conductor consists of a singular partially-filled energy band,
where the VB and CB overlap. This allows electrical conduction, independent of

temperature, because charged carriers can flow freely within the material.

E.—E

n=N.exp(— T F) (2.7)
Er —E,

p = Nyexp(— d ) (2.8)

kpT
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n = electron density
N, = conduction band density of states
p = hole density

Ny = valence band density of states

In the same conditions the CB of a semiconductor and insulator is completely
unoccupied, whereas the VB is fully populated. However, the typical band-gap
of a semiconductor is in the range of 0.3 - 3.5 eV, where an insulators band-gap
is significantly larger. This means, from equation (2.7) and (2.8), that under am-
bient temperatures a small number of valence electrons in a semiconductor have

sufficient thermal energy to cross the band-gap in conduction.

CcB

. 1

conductor semiconductor insulator

Figure 2.2: Bandstructure of a conductor, semiconductor and insulator.

The Fermi level is defined by the energy level at which the probability a state is
populated is % at any value of 7', where E = EF in equation (2.4). At absolute zero
temperature (7 = 0 K) the Fermi-Dirac distribution gives F(E) = 0 for E > Ep
and F(E)=1for E < Ep

The Fermi level is therefore equivalent to an hypothetical electron energy of the
bulk material, despite that it may not actually correspond to an allowed state. It is
understood that the Fermi level of a conductor exists within that singular partially
filled energy band, whereas in an insulator and intrinsic semiconductor the Fermi

level occurs within the band-gap, shown in Figure 2.2.

2.1.5 Carrier Concentration

A material’s ability to conduct electrical charge is quantified by its conductivity,

equal to the reciprocal of resistivity, which expresses how much the material re-
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stricts current flow.

O = nell, 2.9
O = nell, + pell, (2.10)

o = electrical conductivity
e = elementary charge constant (1.60 x 10~1? C)
U, = electron mobility

M, = hole mobility

The material’s conductivity is highly dependent on both carrier concentration
and mobility, equation (2.9). This relation is adjusted to equation (2.10), where
electrons and holes contribute individually to conduction, each with a unique car-
rier mobility. The carrier mobility is a material constant that describes the ease at
which a carrier travels through the lattice with respect to an applied E-field.

A semiconductor has an electrical conductivity between a conductor (¢ > 10°
Scem™') and an insulator (¢ < 1078 Sem™!)

In the excitation of a valence electron to the CB, an electron hole is produced
in the VB; a hole being the absence of an electron in a position within the crystal
lattice that would allow one. This generates in intrinsic semiconductors electron-

hole pairs so n; =n = p.

E
n; = NCNVexp(—Zk;T) (2.11)

n; = intrinsic carrier density

The free carrier concentration in semiconductor materials is controllable, and
therefore so is its conductivity, from equation (2.11). This is an average between
the electron and hole concentration in the respective CB and VB of equation (2.7)
and (2.8), where the density of states (N, and N,) are a concentration coefficient
across the energy bands. The concept of doping involves the generation of an
excess of these active electrons (n-type) or holes (p-type) within the semiconductor,

increasing the free carrier concentration at equilibrium.
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III-V materials, like GaN, contain group-III (Ga) and group-V (N) elements
that have three and five valence electrons, respectively.

Increasing electron concentration in n-type doping involves substituting group-
IIT with group-1V (Si) donor atoms, donating one additional negatively charged free
electron to the CB. P-type doping conversely involves replacing group-III with
group-I1I (Mg) acceptor atoms in increasing the hole concentration, creating one
additional positively charged vacancy in the VB'~. Therefore the donor (Np) and
acceptor (N4) atom density incorporated into the material directly relates to the
concentration of free carriers, assuming complete ionisation at 7 # 0 K. The addi-
tional shallow impurities introduced are weakly-bound, forming new sites slightly
below CB (electrons) and above VB (holes), such that k3T is sufficient to ionise
the carrier to the respective energy band. This causing the Fermi level to increase
in n-type and decrease in p-type materials as they fill the CB and VB density of
states (DOS), respectively.

It is therefore practicable to control ¢ through doping the intrinsic crystal lat-

tice.

2.1.6 Direct and Indirect Band-Gap

The bandstructure of a solid is classified as having either a direct or indirect band-
gap, as in Figure 2.3. The CB minimum (£.) and VB maximum (E,) both exist
at the same wavenumber (k = 0) in direct band-gap materials, otherwise it has an
indirect band-gap. The significance of a direct and indirect band-gap relates to the

conservation of momentum in recombination of carriers between bands.

(a) (b)

(3) AB4au3

honon
L Lrana?

Wavenumber (k)

Figure 2.3: Representation of (a) direct and (b) indirect band-gap.
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The electrons moved to the conduction band ultimately relax to the valence
state through recombination of an electron-hole pair as it is more energetically
favourable”. This is achieved by loss of excess energy equivalent to the band-
gap (Ej) by radiative or non-radiative processes, considering that no states exist
between the CB and VB. The radiative recombination of an electron-hole pair re-
leases the change in energy across the band-gap as a photon with an emission
wavelength given by equation (2.2).

The electrons and holes collect, respectively, at the lowest available energy
states along the band-edge of the CB and VB; electrons and holes require the
same momentum in order to recombine”. The carriers in a direct band-gap ma-
terial therefore combine directly. However, the negligible momentum of a photon,
with respect of an electron, mean that an indirect band-gap system also requires
a phonon. This makes recombination in an indirect band-gap material a 2"4-order
action and therefore the radiative lifetime is much larger, resulting from the limited
transitional probability".

The competition between radiative and non-radiative dynamics is quantified
by the internal quantum efficiency (IQE) using equation (2.13). IQE gives the
probability of radiative recombination relative to the total number of electron-hole
pairs generated, which equals the total probability of recombination from equation
(2.12).

1 1 1
—= =+ — (2.12)
T T Ta
-1 2.13)
Nige = Py .

T — total recombination lifetime
T, = radiative lifetime
Tar = non-radiative lifetime

Nige = internal quantum efficiency

In equilibrium, with no external stimulant, the condition under the law of mass
action states ”,2 = ngpo is valid. This law implies that the rate of reaction is pro-
portional to the product of the reactants. Introduction of excess carriers into the
material, through light absorption or current injection, disturbs the equilibrium

condition such that n = ng + dn and p = po + O p, demonstrated in Figure 2.4.
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excitation pulse excitation pulse

“on” “off”

(3) A812u3

Time (t)
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Y . '
| excess carrier i\
iy density o\

Time (t)

Figure 2.4: Change in carrier density in response to an excitation pulse.

This deviation from equilibrium is only temporary as mechanics occur to re-
store it, which involves the recombination of the significant number of minority
carriers injected. The recombination rate, as in equation (2.14), shows that this
process is proportional to electron and hole density by the bimolecular recombina-
tion constant (1072 — 10~ cm3s™1)

The rate of recombination is ultimately controlled by the carrier lifetime (7),
which gives the mean time between generation and recombination of a minority

carrier.

R = B(no+6n)(po+6p) (2.14)

R = recombination rate

B = bimolecular recombination coeffecient
ny = equilibrium electron density

én = excess electron density

Po = equilibrium hole density

Op = excess hole density
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2.1.7 Optical Transitions

The transition of an excited electron back to the VB in recombination can occur
through different radiative and non-radiative action, shown in Figure 2.5. Radiative
mechanics include band-edge, exciton and impurity centre recombination; whereas
non-radiative processes include Shockley-Read-Hall (SRH) and Auger recombina-

tion.

1
CB O OO O

(a) (b) (c) (d) (e) (f)

Figure 2.5: Generation-recombination mechanics (a) absorption (E > Eg), (b)
spontaneous band-edge, (c) exciton, (d) donor-acceptor impurity, () non-radiative

Auger and (f) non-radiative Shockley-Read-Hall recombination.

(a). Introduction of energy above the band-gap so that £ > E,, through
optical absorption or current injection, generates excited free electron-hole
pairs beyond the band-edge. The high energy carriers rapidly relax through
thermalisation, multiple phonon emission, to a more favourable energy level

at the band-edge.

(b). Spontaneous radiative recombination of an electron-hole pair across the
band-gap, where equivalent energy lost in the action is converted to a photon

defined by equation (2.2).

(¢). The radiative recombination of a free (Wannier-Mott) exciton in emis-
sion of a photon with energy less than the band-gap (E, — E,,), where the free
exciton binding energy E, is given by equation (2.15). An exciton is a neu-
tral bound electron-hole pair, generated at the same point in space, attracted

by electrostatic coulomb interaction of the oppositely charged carriers. The
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exciton can therefore transfer energy through the crystal lattice without a net

electrical charge”.

A stable exciton is generated when the exciton binding energy is sufficient
to remain bound at room temperature (7" = 293 K), such that E, > kgT.
GaN has a free exciton binding energy of E,, =~ 25 meV, and kT ~ 25 meV,

meaning room temperature stable exciton are possible”.

E,=—— "1 (2.15)

E, = exciton binding energy

M = reduced electron-hole mass

my = invariant mass

€, = relative dielectric constant

Ry = Rydberg energy of hydrogen (13.6 ¢V)

n = principal quantum number

An exciton exists in two basic formations, the Frenkel (bound) and Wannier-

Mott (free) exciton

* A Frenkel exciton is tightly bound, with a small exciton radius ex-
panding a size comparable to the inter-atomic spacing. This means the
Frenkel exciton is less mobile since it is associated to particular atoms
or molecules, transporting by hopping between atomic sites within the
crystal. This type of exciton typically only exists in insulator and

molecular crystals

* The Wannier-Mott exciton has a large exciton radius, which encom-
passes many atoms. The electron-hole pair is therefore only weakly
bound and has a low exciton binding energy. This type of exciton is
primarily found only in inorganic semiconductor crystals. A Wannier-
Mott exciton is a delocalised state and can travel freely within the
crystal, where it doesn’t associate with any one particular atom or

molecule”.
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(d). The donor-acceptor radiative electron-hole recombination between fixed
energy states that result from impurity centres introduced by dopant atoms;
photon energy is less than the bulk material band-gap by the dopant activa-

tion energy

(e). Auger recombination is a non-radiative action that involves the transfer
of the process energy and momentum to a third charged particle (electron
or hole), promoting the third carrier deep into the respective energy band”.
The energetic carrier will ultimately lose this excess energy and return to
the band-edge through multiple phonon emission. Auger recombination, a
three-particle interaction, is therefore statistically more dominant at increas-
ing carrier density; a particular problem in LED and proposed cause of effi-

ciency droop

(f). Shockley-Read-Hall non-radiative recombination of carriers at energy
level traps distributed within the forbidden region of the band-gap through
phonon involvement. The recombination centres are caused by imperfec-
tions in the crystal lattice, interrupting its periodicity that otherwise defines
the bandstructure™>~'. The crystal defects, typically unavoidable and occur

during growth, are characterised by dimensionality

Zero-Dimension: Point defects occur at a single point in the crystal lattice,

one atomic site, which include vacancy and interstitial atoms.

One-Dimension: Linear defects include edge, screw and mixed disloca-
tions that result from a sudden change in the atomic order, disrupting

the lattice along a single line.

Two-Dimension: Planar defects are imperfections related to an area, includ-
ing grain boundaries and stacking faults, typically where different crys-
tal structures transition.

Surface non-radiative recombination, similarly, occurs due to an imme-
diate discontinuity along the semiconductor surface. At the interface
atomic bonding changes in absence of neighbouring atoms, resulting
in partially complete electron orbitals, creating many localised recom-

bination energy states.

Three-Dimension: Bulk defects are affiliated to a volume, including voids

and inclusions, regions of space either vacant of atoms or completed
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with foreign atoms.

2.2 Light-Emitting Diode

The light-emitting diode (LED) is a fundamental semiconductor optoelectronic de-
vice; Figure 2.6 demonstrates it existing typically as an active light-emitting re-
gion between n-type and p-type material *. The active region is a low-dimensional
structure, providing quantum confinement in direction of any plane on the order of
the de Broglie wavelength (4,), as in equation (2.1). A low-dimensional structure
provides discrete energy states in the same dimension (X, Y and Z), such that the
particle’s wavefunction is confined as a standing wave, resulting in a quantisation

of its motion".

p-electrode >

« current spreading layer
«— p-GaN
electron blocking layer > <« GaN barrier
InGaN/GaN MQW — } - InGaN QW
cB vB
p-GaN
n-electrode - n-GaN - p-AlGaN
! GaN __-
i e— - inoon -5

n-GaN

]» GaN nucleation and buffer layer

- sapphire substrate

Figure 2.6: Standard light-emitting diode structure and inset corresponding band-

structure (not to scale).

The system geometry therefore determines the confinement dimensionality, as

in Figure 2.7":

Zero-Dimension: Quantum dot (QD) provides complete carrier confinement in
all three-dimensions, electrons and holes are unable to move free in any di-

rection.

One-Dimension: Quantum wire allows electrons and holes to travel along one

axis, with carrier confinement in the remaining two-dimensions.
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Two-Dimension: Quantum well (QW) restricts motion of free carriers in one-

dimension, particles can move throughout a confined two-dimensional area.

Three-Dimension: Bulk material is without carrier confinement in any of the

three-dimensions, excited carriers can travel free in all directions.

@ 2
3D 2D 1D

Figure 2.7: Quantum confinement and confinement dimensionality.

oD

The quantum well is typically employed in an LED, such that a thin (L ~ 1)
layer of a low band-gap material (InGaN) is grown between a large band-gap ma-
terial (GaN)~". This is a form of double heterostructure, providing confinement in
the direction of growth.

The n-type and p-type GaN, under forward bias, provide a respective high
concentration of electrons and holes to the active region, which exists at the PN-
junction interface to trap both carriers. Localised confinement of electron-hole pair
to a quantum well increases the respective carrier wavefunction overlap across the
active region, resulting in the enhanced probability of recombination. The photon
emission energy is therefore a function of the same discrete state of the QW, where
quantised energy of a quantum well, assumed infinitely deep, is given in equation
(2.16).

1 mwhn
E,= )2 2.1
2m*( 7 ) (2.16)

E, = discrete quantum well energy
m”* = effective particle mass

L = quantum well thickness

A higher principal quantum number (r) results in a higher quantised energy,

as shown in Figure 2.8. The solution is a result of using the Schrodinger wave
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equation to identify permitted energy states of the free-particles confined to an in-
finite square well potential, particle-in-a-box problem. The wave equation ¥(x,?),
equation (2.17), collapses at x = 0 and x = L so that standing waves form between

boundary conditions, simplifying to an isolated region at zero potential V (x) =0

Y(x,1) = \/Esin(rfx)exp(il;nt) (2.17)

¥ (x,t) = Schrodinger wave equation
X = positon

t — time

This however provides only an approximation of a more complicated quantum
system, where finite potential wells in reality cannot confine particles so defini-
tively. The Schrodinger wave equation instead gives a solution that now extends
within the classically forbidden region, associating non-zero probability to finding
the particle even when its energy is less than the potential barrier. This quantum
tunnelling has the effect of lowering the corresponding quantised energy levels as
the effective potential well length (L) increases. The density of states (DOS) then
considers just the number of these available discrete energy level in relation to unit
volume, dependent on confinement dimensionality.

An InGaN/GaN QW double heterostructure permits a band-gap engineering
through control of the thickness (L), again in Figure 2.8, and ternary alloy com-
position of the active low band-gap region™". The In,Ga(_,)N alloy system, de-
spite an ~ 11 % lattice mismatch between GaN (a = 3.189 A) and InN (a = 3.544
A), allows growth of intermediate layers not exceeding the critical-layer thickness,
limiting L. The critical thickness of the InGaN layer is the point when it is no
longer psuedomorphically strained to match the properties of GaN, past the critical
thickness strain relaxation occurs through formation of crystalline defects

A single-quantum well (SQW) typically exhibits a saturated optical intensity as
the injected carrier density increases, caused when the carrier concentration within
the active region increases sufficiently to fill its small finite DOS. The carrier over-
flow of the SQW can therefore be improved by increasing the QW thickness or
implementation of a multiple quantum well (MQW) structure *. A comparatively
thick large band-gap material barrier is required between each QW in order to de-

couple their wavefunction and disallow quantum tunnelling. To further prevent
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Figure 2.8: Quantisation of particle wavefunctions in a quantum well structure with

respect to thickness.

carrier leakage in the active region an electron blocking layer (EBL), with an even
higher band-gap material (p-AlGaN), is typically grown at its interface with the
p-type material

Encan (x) =xEnn + (1 — x)EGaN - bx(l - x) (2.18)

Eingan = InGaN band-gap energy

x = indium mole fraction

Emn = InN band-gap energy (0.7 eV)
Egan = GaN band-gap energy (3.4 ¢V)

b = bowing parameter (1.4 ¢V)

The In,Ga(;_,)N band-gap as a function of the indium mole fraction from Veg-
ard’s law, equation (2.18), which indicates that emission energy is an intermediate
between the constituent binary compounds~’. The band-gap increases with respect
to a lower indium mole fraction, where the quantity of GaN (Eg,y = 3.4 eV) in-
creases and InN (Ej,y = 0.7 eV) decreases, tending towards the GaN band-gap. A
single-valued bowing parameter (b = 1.4 eV), across the complete alloy composi-
tion range, accommodates for the bowed deviation of the band-gap with relation to

the linear combination of InN and GaN
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2.2.1 Semiconductor PN-Junction

The Fermi level is a bulk material property, such that under equilibrium a system of
different laminated materials equalise to a single value. Electrons in a material with
the higher Fermi level will move to occupy the lower energetically favourable states
within its neighbouring material. The charge transfer across the junction causes the
conduction and valence band to bend at the interface, bringing into coincidence the

two individual Fermi level *, demonstrated in Figure 2.9.

E ;
ev,
p-type 0000000 |
——————————————————————————————————————— E
000000000
00000000 n-type

depletion region

Figure 2.9: Bandstructure of an unbiased PN-Junction.

Equilibrium in the PN-junction results from the built-in electrostatic potential
(V) across a depletion region, which acts to oppose further diffusion of majority
carriers. The depletion region, an area void of free carriers, occurs because of the
positive-donor and negative-acceptor atom ionisation caused by recombination at
the interface of the n-type and p-type regions, respectively. This prevents light
emission, until V =V, = %, since the device is otherwise absent of areas with any
significant density of both free electrons and holes

The built-in potential of the PN-junction, prohibits flow of electrical current in
one-direction. In forward bias the electrostatic potential across the depletion region
decreases (V, — V(t)), reducing the potential barrier height as the Fermi level of
the p-type and n-type region shift to reduce band-bending. This allowing current
flow and efficient carrier injection into the active region for electroluminescence
(EL). The opposite occurs under reverse bias, such that the applied voltage acts to

increase the potential barrier height and depletion region width (V;, — (=V (¢))).
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2.2.2 White Light-Emitting Diode

Luminous efficacy (7;), equation (2.20), is a physiological measure that determines
the effectiveness of a light source to stimulate the human eye. The human eye
sensitivity (V(A)) is a wavelength-dependent parabolic function, which peaks to
unity at 555 nm and tends to O at the limits of the visible spectrum. The visible
light spectrum extends from an approximate 390 nm to 720 nm wavelength in the

electromagnetic spectrum’.

Dy (A) = nO/V()L)P(A)M?L) (2.19)
mA) = (DVP(M (2.20)

®y (1) = luminous flux

1o = maximum luminous efficacy (683 ImW ')
V (A) = CIE photoptic eye sensitivity function
P(A) = spectral output power

1, = luminous efficacy

P = input power

The luminous flux (Py) quantifies the detected visible light of the human eye,
equation (2.19), where 1o scales the function to the maximum luminous efficacy
value (683 Im/W) at 555 nm *. The theoretical limit of luminous efficacy for white
light is therefore lower, on the range of 250 Im/W to 370 Im/W, contingent on
spectral length and perceived quality of white light

White light is the combination of all wavelengths across the entire visible spec-
trum. The Commission Internationale de I’Eclairage (CIE) develop means to objec-
tively measure colour using eye sensitivity function and chromaticity diagrams. A
standardised white light includes black-body radiation with spectrum characterised
by temperature; plotted on the chromaticity diagram from its centre (x = %, y= %)
to monochromatic red '™

The chromaticity co-ordinates, correlated colour temperature (CCT) and colour-
rendering index (CRI) are all quantitative measurements of a light source. CCT is
the temperature along the Planckian locus nearest to the lights chromaticity co-

ordinates; and CRI is a measure of an illuminants ability to render true colours of
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an object with relation to a standardised reference source, with highest possible
CRI (100)

A high-energy emitting blue InGaN/GaN LED coupled to a single yellow down-
conversion material acts to produce dichromatic white light emission, as in Figure
2.10. The principle of a down-conversion material is photoluminescence (PL),
which involves absorption of high-energy photon from an optical source and re-
emission at longer wavelength’. The optimised intensity ratio of the LED and
down-converting material, through concentration and thickness, allow control of
the luminous efficacy and CRI. This down-conversion material is typically a pow-
dered YAG (Y3Al50,2 : Ce*") phosphor, requiring the optically-active rare-earth
cerium (Ce) ion dopant'*. A similar method involves the radiative excitation of a
red, green and blue triphosphor combination of down-converting materials with a
single high-energy wavelength ultraviolet (UV) LED. The practical advantages of
using a single LED and passive light-emitting materials, where cost is comparable

to the LED alone, mean this form of white LED is most commercially prevalent’.

(‘n-e) Ayisusqu| @0ua2sauiwn|oJ199|3
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Figure 2.10: Emission spectrum of a typical dichromatic down-conversion white

LED and inset RGB colour model

The yellow emission YAG phosphor has a typical peak wavelength at 545 nm
and a broad full width at half maximum (FWHM) of ~ 150 nm, potentially leading
to self-absorption due to a small Stokes-shift’”. YAG phosphors also have high
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material stability, quick fluorescence lifetime decay (~ 70 ns), relatively low ma-
terial synthesis cost and high quantum efficiency (> 85 %) under blue InGaN/GaN
LED excitation’-”~. The CRI of the dichromatic blue-yellow LED is limited to
(~85) as a result of long-wavelength red deficiency, which also restricts the CCT
to high "cold blue-white" temperature emission””. In addition the typically large
grain size of the YAG phosphor (~5 um) can prohibit use of light-emitting devices
of a comparable scale

A trichromatic LED is an alternative method to producing white light, avoiding
use of down-converting material. The trichromatic LED consists of three indepen-
dently driven primary colour (red/green/blue) LED, each emitting characteristic

narrow bandwidth light, overlapping across entire spectrum’.

2.3 Laser Diode

A laser diode (LD) emits electromagnetic radiation through a stimulated emission
optical amplification; theoretical foundations were first conceptualised using prob-
ability coefficients for absorption, spontaneous emission and stimulated emission

rates

cB O O

hv hv l hv

(a) (b) (c)

Figure 2.11: Mechanics of stimulated emission (a) absorption (E > Ej), (b) stimu-

lated recombination and (c) stimulated emission.

Stimulated emission, as shown in Figure 2.11, involves the instantaneous re-
combination of an excited atom to ground state through the stimulating presence
of an incident photon that is not then absorbed, inciting the generation of a sec-
ond coherent photon™"; this is a basic consideration for optical gain. The rate
of stimulated emission is therefore proportionate to the light density and number
of excited carriers at the higher energy level, stimulated emission mechanics can

only dominate above absorption through a population inversion. This requires that
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a greater population exists in the conduction band than the unexcited lower energy
state, impossible at thermal equilibrium. Maintaining this condition after optical
loss (absorption and scattering) means a continuous amplification in the emission
intensity is then possible. Lasing is achieved above a threshold where stimulated
emission is greater than the spontaneous emission rate, discussed previously in
section 2.1.7.

As population inversion requires the system to deviate from thermal equilib-
rium an external means to enter the unnaturally occurring non-equilibrated state is
necessary, involving either high-power optical or electrical excitation, promoting
greater than half of all free carriers to the upper energy level.

The increasing photon density can however be attained with an optical res-
onator, confining light to the cavity, improving further the rate of interaction be-
tween incident photon and excited electron-hole pair. Coherence then means that
these photon generated through stimulated emission maintain equivalent properties
to allow interference’. The simplest form of optical resonator is the plane-parallel
Fabry-Pérot cavity, where light is fed-back through multi-reflections between two
facets that produce standing waves at the systems resonant frequencies, causing
oscillations with greater intensity

The optical cavity is designed to have large quality factor (Q), quantifying the
ability to confine light with low attenuation, defined in equation (2.21) as a ratio

between resonant wavelength and FWHM bandwidth.

0= " 2.21)

Q = quality factor
AA = bandwidth

2.3.1 Purcell Effect

Peak emission wavelength of a semiconductor laser diode is a material property.
The cavity design can however allow control and enhancement of photon inter-
actions by matching it to the resonant frequency’”. Excited atoms can neverthe-
less still transition to the ground-state through spontaneous emission, producing
instead incoherent photon, which are still similarly maintained within the laser

gain-medium.
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A decreasing cavity geometry relative to the emission wavelength modifies the
spontaneous emission rate compared to free-space through a phenomenon known
as the Purcell effect’’, improving the lasing threshold and therefore modulation
speed as a result™®. This is because it has the effect of increasing the spontaneous
emission coupled to the lasing mode (f-factor)’”, which from equation (2.23) com-
pares the spontaneous emission rate into the discrete cavity mode with the remain-
ing free-space™ . The result is higher optical-gain at a given population inversion,
determined by the fraction of output intensity below and above threshold, leading
to noticeable reduction in the device operating power.

This spontaneous emission rate enhancement, or Purcell factor (F,), is pro-
portionate to the ratio of the Q-factor and effective cavity mode volume (V,yy), as

shown in equation (2.22)

3 A5 0
Fr= 32 Gr) Vo (2.22)
B

F,, = Purcell factor
n, = cavity refractive index
Vegr = effective cavity mode volume

B = spontaneous emission coupling factor

A smallest effective volume therefore has the most significant effect. This is
because as spatial dimensions decrease on order of the emission wavelength, dis-
crete optical mode form, synonymous to the quantisation of particle wavefunction
as in section 2.2. A spontaneous transition can therefore only occur across the cav-
ities supported optical modes, limited by the decreasing geometry, which has the
effect of increasing the spontaneous emission coupling factor accordingly’. The
spontaneous and stimulated emission of a sufficiently small cavity allows them to
then purposefully exist at the same resonant frequency, enhancing the light output
to even a single optical mode.

An optical resonator mode is a self-consistent electric-field distribution, repro-

ducing itself during propagation.
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2.3.2 Whispering Gallery Mode

An optical resonator with circular geometry can sustain "whispering gallery mode"
(WGM) with sufficient refractive index step outside the cavity, unlike the Fabry-
Pérot cavity photon are instead confined under TIR conditions™™>"'. Light circu-
lates continuously around the circumference of the resonator above critical angle
interactions as described by Snell’s law. This concept was first observed using
sound-waves travelling the Whispering Gallery of St. Paul’s Cathedral (UK), stat-
ing sound can only occur at defined points (nodes) along the circumference™. The
same wave-like behaviour means at the cavity resonant wavelength light will sim-
ilarly propagate tangentially to the perimeter, intensity again increasing through a
constructive interference over repeated round-trip. A WGM is formed of an integer
number of internal standing waves equivalent to the cavity circumference from a
wave-mechanics description™ . This on condition that to provide vertical confine-
ment the gain material thickness is less than ﬁ, demonstrating a 2D waveguide
behaviour.

The number of optical mode resonance that coincide with the spontaneous
emission spectrum of the lasing medium is directly related to the cavity size. The
spacing between successive resonant modes is determined for a circular cavity us-
ing the free spectral range equation, equation (2.24), where a reduction in the opti-

cal resonator radius (R) gives an increased mode separation.

)’2
27Rn,

ALdrsg = (2.24)

AAgsgr = free spectral range

R = optical cavity radius

This potential for creating a small effective cavity mode volume then leads
to the possibility of low-threshold and threshold-less lasing; though legitimate
threshold-less lasing is not expected to be even possible in room-temperature
application™. The term is instead more often used to identify lasers with a near
unity spontaneous emission coupling factor and almost negligible non-radiative
recombination”". To achieve lasing, where B # 1, optical gain above the trans-

parency condition is first required, such that stimulated emission is greater than
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cavity absorption and losses™. The carrier density that is required to attain this
condition then determines the threshold™. A threshold-less laser would therefore
still require finite excitation power in order to reach the coherent emission regime,
even though threshold characteristic do not appear in an otherwise linear input-

output curve "

2.4 Organic Semiconductors

An organic material is a carbon-based molecular compound, including combina-
tion with other elements.

A molecular orbital (MO) is formed when distinct atomic electron orbitals
overlap in covalent bonds. The interaction of electron orbitals in a single carbon
(C) atom results in formation of hybridised atomic orbitals, with new energy and
shape, generating increased orbital overlap in MO formation. The hybridisation
of C (15>2s?2p?) involves promotion of a single 2s electron to one of the three 2p
orbital (1s?2s'2p?). This then causing the remaining 2s electron to hybridise with
either one (sp), two (sp?) or three (sp?) of the 2p orbital.

Organic semiconductors have properties analogous to classical inorganic semi-
conductors; existing as molecules mean that the bandstructure is instead defined by
its MO. The highest occupied molecular orbital (HOMO) is the last MO with both
quantum states filled, synonymous to the valence band. The next incomplete MO
above the HOMO, under ground state, is the lowest unoccupied molecular orbital
(LUMO), which is similarly referred to as the conduction band, as shown in Fig-
ure 2.12. The difference in energy between the LUMO and HOMO of an organic

semiconductor is therefore also termed the band-gap.

O

LUMO O

HOMO O O

Figure 2.12: HOMO and LUMO molecular bandstructure; including absorption

(E > Eg), phonon relaxation and radiative band-edge emission.
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The prominence of organic semiconductors coincided with the first demon-
stration of low DC-bias (< 10 V) electroluminescence (EL) from an organic light-
emitting diode (OLED), with a thin-film heterostructure emitting layer™ . The first
organic light-emitting devices before this had recorded EL up to ~400 Vpc”". The
efficiency of such devices then improved greatly through development of alter-
native organic light-emitting materials (7-conjugated polymers), with functional
band-gap energy

A m-conjugated polymer has carbon atoms that alternate either between single-
double or single-triple bonds. In such a system the remaining unhybridised p or-
bitals of adjacent atoms overlap, producing 7 bonds, causing a delocalisation of
the orbital along the entire molecular chain’*, as demonstrated in Figure 2.13. The
m-conjugated polymer makes it possible to achieve small band-gaps in range of 1.5
eV to 3.0 eV, typical of a semiconductor’. This is because energy of 7 electron
are usually higher than o bond electron, which have strong covalent bonds with an

in-plane overlap between atomic or hybrid orbitals

P, [ P, P:
H H H H
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Figure 2.13: Hybridised hydrocarbon (ethylene) showing P, (left) and delocalised
7 (right) orbital.

The conduction of charged carriers within organic molecules occur through
intra-molecular and inter-molecular transport. Intra-molecular transport involves
conduction through delocalised 7 orbital bonds within the molecule; whereas inter-
molecular transport requires carriers to hop (quantum tunnel) between adjacent
molecules. The mobility (i) of an organic material is therefore highly dependent
on the arrangement of its molecules, with typical values (< 10 cm?V~'s~) much

lower than inorganic semiconductors
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2.4.1 Hybrid Organic/Inorganic White Light-Emitting Diode

A hybrid organic/inorganic light-emitting diode combines the complimentary ad-
vantages of the organic light-emitting polymer and inorganic LED””. The basic
configuration, achieving white light emission, involves the partial down-conversion
of electrically injected blue InGaN/GaN QW LED by the organic material. A pre-
requisite is the overlap between the polymer absorption band and narrow inorganic
LED emission spectrum™

The photoluminescence of organic polymers results in high fluorescence quan-
tum yield of up to unity, with formation of only singlet-states’. A singlet-state
means the spin of an excited electron maintains pairing with its matched ground-
state electron (Pauli exclusion principle). The fluorescence quantum efficiency
of an OLED under electroluminescence (EL) is limited by phosphorescence to
0.25, assuming one singlet-state is formed to every three triplet-state; experimen-
tation finding this value is slightly improved’”-"". The decay lifetime of an excited
singlet-state to its ground-state is significantly faster acting (~ ns), where triplet-
states (~ ms) require additional improbable transition between states with different
spin multiplicity through an intersystem crossing

This is because triplet-states, with electron-spin flipped from its ground state,
are determined by rules of multiplicity (2s+ 1). The angular momentum of two
paired fermion (electron), %—integer spin particles, are in either parallel (+%) or
anti-parallel —%) directions. The total angular momentum (s) in the singlet-state
and triplet-state equalling to s = 0 and s = 1, respectively.

A combination of IlI-nitrides and conjugated polymers, with respective high-
performance electronic and photoluminescent-optical properties, is therefore an at-
tractive proposition in efficient solid-state lighting’~. However, the one significant
benefit to using organics over phosphor down-converting materials is the highly-

efficient non-radiative Forster resonance energy transfer (FRET)

2.4.2 Forster Resonance Energy Transfer

FRET involves the near-field dipole-dipole coupling between the interface of In-
GaN/GaN QW (donor) and organic light-emitting polymer (acceptor)’”"*. The
basic principle involves radiation-less electronic energy transfer between Wannier-
Mott (inorganic) and Frenkel (organic) excitons’. The excited acceptor-dipole

then radiatively recombines at rates faster than FRET, which therefore prohibits
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FRET in the direction of the inorganic device”"". This avoids intermediate steps
preceding the photoluminescence of the down-converting material, which before
absorption includes photon emission and extraction in the inorganic LED

The difficultly of FRET is the requirement of the sufficiently close proximity
(< 10 nm) between the donor and acceptor dipole”’. The structure of the inorganic
LED is therefore of significant importance in the demonstration of FRET

The FRET rate is defined as k7 o< R~?, where R is dipole-dipole separation and
P is determined by the coupling dimensionality of the dipole-dipole interaction
The separation is described such that FRET occurs before the donor exciton re-
combine and relax to its ground state

FRET is typically characterised using temperature-dependent and time-resolved
PL studies, observing changes in the QW and correlating them to differences in the

organic material’

O
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Figure 2.14: Bandstructure fluctuations and carrier localisation.

The FRET in a temperature-dependent study of an organic/inorganic hybrid
device will demonstrate similar strong temperature-dependent properties of the in-
organic InGalN QW, distinct to the organic polymer alone’®. A typical InGaN/GaN
QW structure exhibits a temperature-dependent IQE, related to localisation and
thermal delocalisation of exciton. This is caused by compositional inhomogeneity
and thickness variation in the QW that results in fluctuations within the bandstruc-
ture, affecting considerably the exciton properties as in Figure 2.14"". At low ther-
mal energy (kgT') the exciton can be localised (trapped) to potential minima within
the bandstructure. This means that the exciton dimensionality can potentially tran-
sition, with increasing 7', from a single-point (0D, P = 4) QD dipole to delocalised
planar (2D, P = 2) QW dipole; having significant positive influence on the FRET
rate””

The time-resolved measurements will evidence an increased decay rate in a
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hybrid light-emitting device, which is otherwise absent without FRET'", discussed
in chapters 4 and 5.
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3.1 Experimental Techniques

A number of experimental techniques are employed throughout this research project
in semiconductor micron and sub-micron featured device fabrication and character-
isation. It is important to understand in detail the function and operation of all such
equipment; where optical, electrical and structural results can then be correlated
back to their origin so that they might be replicated and/or improved.

In this study two separate as-grown sample structures are used respectively in

chapters 4 to 6 and chapter 5, as detailed in section 8.2.

3.2 Device Fabrication

3.2.1 Photolithography

The principle of photolithography involves modulation of light to generate a de-
sired pattern in light-sensitive photoresist material, subsequently used as a sacri-
ficial layer that selectively resists stages of device formation. Photoresist reacts
chemically to ultraviolet (UV) exposure to become more or less soluble in its
counterpart developer solution, divided into a respective positive or negative tone

polarity .

s
.
2
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‘.'
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Figure 3.1: Image of (a) Karl Suss MIB3 mask-aligner, (b) Electronic Micro Sys-
tem Photoresist Spin Coater Model 4000 and (c) control unit.

A Karl Suss MJB3 mask-aligner, Figure 3.1a, allows the registration of succes-
sive fabrication level. This involves matching the position of the photomask over-

laid on previously patterned structure and repeating the photolithographic transfer
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process; vernier screws moving the sample in X, Y and 67. Intimate contact be-
tween photoresist and photomask is made with an approximate 1 um resolution be-
fore homogeneous exposure using mercury-arc lamp that moves into place of the
microscope objectives”. Feature-sizes approaching the optical wavelength result
in the effects of diffraction, where fluctuations in the finite photoresist thickness
and light-scattering limit resolution. The minimum resolvable linewidth (W,,;,,) of
conventional proximity photolithography is defined from exposure wavelength (1)

and mask-substrate separation (Z) by equation (3.1)".

Wonin = VAZ (3.1

Wnin = minimum resolvable linewidth

7. = mask-substrate separation

The photoresist composition consists of three principle parts that control me-
chanical properties and viscosity that include an adhesive resin, solvent and photo-
sensitive polymer-. A photoresist is spin-coated to achieve a different thickness
that each satisfies a unique fabrication requirement. An Electronic Micro System
Photoresist Spin Coater Model 4000 is used with a rotational speed ranging be-
tween 150 - 9500 RPM, as shown in Figure 3.1b and 3.1c. The sample is held in
position on a vacuum chuck inside polypropylene bowl before a static-dispensed
photoresist is spun on-axis, where the applied centrifugal force result in a uniform
coverage. The film thickness is then determined both by viscosity (1) and spin-

speed (@) proportional to ﬁ )

3.2.2 Dry-Etching
Reactive-Ion Etching

The use of dry-etching techniques is required due to the high chemical stability
of III-N materials, preventing standard wet-chemical etch methods, transferring
a patterned image into the layer under photoresist. Reactive-ion etching (RIE) al-
lows a combined plasma-assisted reactive chemical and physical ion-bombardment
anisotropic etch process, where vertical and lateral etch-rate differ significantly to

provide improving aspect ratio”.
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(b) gas inlet

e
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l

exhaust pump

substrate bias

Figure 3.2: Image of (a) JLS Design Plasma Technology RIE system and (b)

schematic diagram illustrating reactive-ion etching.

Sustained plasma is generated under vacuum with a single radio frequency
(RF) generator applied across parallel electrode above the gas breakdown potential;
electric-field oscillations and particle collisions ionising molecules. The charged
particles of the partially ionised neutral gas are strongly influenced by an applied
electric and/or magnetic field, which are then accelerated toward the isolated biased
substrate platen gaining kinetic energy’. A JLS Design Plasma Technology RIE
system has a parallel-plate configuration, where the reactor chamber walls act as
the secondary large effective-area ground electrode, as demonstrated in Figure 3.2.

A number of chemistries are used in SiO, and SizN, dielectric (CHF3, Ar and
0,) etching, which are broken-down to chemical reactive species in plasma. The
flow-rates are controlled into the process chamber through gas inlet valves , de-
termining in part the etch-rate requirements. High-energy ion of the RF induced
reactant plasma diffuse to attack the sample surface through adsorbed chemical
reaction and ion-bombardment, by-products are desorbed and extracted through a

background vacuum exhaust system'.

Inductively Coupled Plasma Reactive-Ion Etching

An Oxford Instruments Plasmalab System 100, shown in Figure 3.3a, is an induc-
tively coupled plasma (ICP) reactive-ion etching instrument. ICP is a variation on
the anisotropic RIE dry-etching process, removing surface atoms through the same
combined plasma-assisted reactive chemical and physical surface interaction at in-

creased rates”. An independent substrate and ICP RF generator is used to produce
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high-density plasma, allowing the isolated control of both ion energy and density.

- (b) ICP power

gas inlet i

plasma

l

exhaust pump

substrate bias

Figure 3.3: Image of (a) Oxford Instruments Plasmalab System 100 ICP-RIE sys-
tem and (b) schematic diagram illustrating inductively coupled plasma reactive-ion

etching.

Different chemistries are each used in SiO, (CHF;5 and Ar) and III-N (SiCly, Cl
and Ar) etching, which breakdown into chemical reactant species in the plasma’.

Enhanced plasma density is achieved using an electromagnetic winding that
surrounds the reactor chamber. The ICP generator then drives an RF current through
this coil inducing an alternating magnetic-field within the plasma, as demonstrated
in Figure 3.3b. This influences the perpendicular motion of the free-electrons that
instead follow a helical path, effectively increasing their path length and opportu-
nity for impact ionisation'. The higher ion mass however mean that they travel
unperturbed through the magnetic-field oscillation®.

The second RF generator is applied as in the RIE system to the decoupled lower
electrode, increasing again kinetic energy through net acceleration of high-density
ion toward the biased substrate platen. An increasing number of reactant charged
particles diffuse and attack the surface as a result of the enhanced ion density,
where neutral species are otherwise unaffected by the secondary RF substrate bias

with fewer off-axis interactions.
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3.2.3 Thin-Film Deposition
Plasma-Enhanced Chemical Vapour Deposition

A plasma-enhanced chemical vapour deposition (PECVD) involves formation
of high-quality homogeneous dielectric thin-films through chemical reaction of
gaseous compounds under vacuum.

Low-temperature depositions at around 300 °C are possible using plasma-
enhanced processing with increasing reaction rate; conventional thermal chemical
vapour deposition (CVD) instead requiring closer to 800 °C'.

The precursor gas in a Plasma-Therm 790 series PECVD system is introduced
into the reactor chamber between substrate and RF generator electrode through a
shower-head inlet valve, as in Figure 3.4. Plasma is then initiated through a capac-
itive coupling across the parallel-plates, using mechanism similar to that of RIE,
where a ground substrate platen instead minimises effects of ion-bombardment.
Dielectric SiO; and Si3Ny thin-films are deposited using combination of precursor

SiH, and N, gas with respective reactant oxygen (N> O) or nitrogen (NH3) source .

gas inlet RF generator

n

plasma

<€—— — heated substrate table

'

exhaust pump -

Figure 3.4: Image of (a) Plasma-Therm 790 series PECVD system and (b)

schematic diagram illustrating plasma-enhanced chemical vapour deposition.

Products of the precursor reactant gas are adsorbed at the surface of the heated
susceptor, elevated temperatures catalysing the decomposition of ionised com-
pounds at the substrate surface forming epitaxial growth of the target material. A
cold-wall (60 °C) process chamber has a non-uniform temperature distribution lim-
iting unintended deposition outside of the substrate platen, minimising memory-

effects. Chemical by-products ultimately desorb and diffuse into diluent carrier
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gas away from surface before being extracted through a background vacuum ex-

haust system”.

Thermal Physical Vapour Deposition

Thermal physical vapour deposition (PVD) using an Edwards Coating System
306A, as demonstrated in Figure 3.5, involves the resistive heating of a refractory-
metal filament to vapourise loaded target material (Al, Au, Ni or Ti) in thin-film
metal deposition under high-vacuum. A tungsten coil minimises out-gassing as a

result of its significantly higher boiling point (~ 5930 °C)'".

(C) <€— implosion guard
<« bell jar
&—— evaporator coil
substrate —
quartz crystal
£ microbalance
baffle valve ————— — vent

T

cold-trap rough

I I
fine

diffusion pump
_ _— W rotary pump

Figure 3.5: Image of (a) Edwards Coating System 306A, (b) Intellemetrics I1L.150

quartz crystal growth rate monitor and (c) schematic diagram illustrating thermal

physical vapour deposition.

Low-pressure evaporation reduces significantly the disruption of vapour depo-
sition, impurity concentration and heat transfer caused by the otherwise residual
background gas. The combination of a rotary and diffusion pump is applied in
sequence to reach high-vacuum (10 mBar), where a diffusion pump is unable to
operate at atmospheric pressure above approximately 1 mBar. A cold-trap prevents
the backstreaming of hot contaminant diffusion pump oil vapours into the process
chamber, condensing instantaneously and extracting with it gas molecules within
the sealed bell jar using a momentum transfer’ .

An external power supply is feedthrough to the low-pressure chamber with
high-currents (20 - 40 A) controlled using a variable transformer between four iso-

lated sources, permitting multi-layer deposition without breaking vacuum. Tem-
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peratures above the boiling point mean the charge material transitions each through
the solid, molten and gas phases. Evaporated atomic material inside the evacuated
chamber then travel at high-velocity in omnidirectional straight line trajectories
from the filament before condensing and freezing across the substrate to form a
thin-film.

Film thicknesses are monitored in real-time using an in-situ Intellemetrics
IL150 quartz crystal growth rate monitor, Figure 3.5b, which incorporates a crystal
oscillator that is calibrated to detect change in resonant frequency from the result-
ing increasing mass. A mechanical shutter above the sample can then be used to

obstruct evaporation and abruptly stop/start deposition.

Electron-Beam Physical Vapour Deposition

Electron-beam (e-beam) PVD is a process similar to that of the thermal evaporation
technique described above in section 3.2.3, using an Edwards Auto306 Vacuum
Coater with samples instead located at the top of the process chamber.

An electron-gun emits a high-energy 10 kV e-beam through thermionic emis-
sion, which is situated beneath the crucible mount that is otherwise outside the
deposition line-of-sight. The e-beam is then steered magnetically 270° so as to
come back into incidence with either /70 (indium tin oxide) or SiO, source ma-
terial, different targets are contained within individual tungsten crucible that are
mechanically rotated into position. A continuous rasterised sweeping across the
surface directly energises the charge into its vapourised phase, which under low-
pressure will then condense and freeze indiscriminately across the substrate to form

a thin-film~.

3.2.4 Anaerobic Glove-Box

Organic materials are highly-sensitive to degradation in the presence of atmo-
spheric moisture and oxygen; photo-oxidation in particular results in a considerable
permanent emission quenching facilitated by a radiant energy ' ~. This means or-
ganic materials require processing in a COY Laboratories Anaerobic Glove-Box
environment, Figure 3.6a and 3.6b, where O, content is monitored below 0.5 ppm
using a COY model 10 gas analyser. A background pre-mixed forming gas at-
mosphere of N» > 95 % and H, < 5 % avoids degradation mechanics despite the
high-stability of polyfluorene materials
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Figure 3.6: Image of (a) COY Laboratories Anaerobic Glove-Box, (b) main anaer-
obic process chamber interior and (c) self-assembled nanorod array cross-sectional

SEM with spin-coated FS8BT in 10 mg/mL toluene concentration'”.

A fan-box ensures an homogeneous anaerobic environment and temperature
gradient throughout the glove-box, recirculating atmosphere through filters. The
combination of deoxo-catalyst, desiccant and activated charcoal together extract
respective ambient O, H,O and solvent vapours within the process chamber; defi-
cient hydrogen content is the usual cause for losing anaerobic condition. Palladium
deoxo-catalyst exothermically reacts in the presence of both H; and O, to form
H,0, where oxygen constantly re-enters the chamber through airlock operation
and diffusion. Hydroscopic aluminium desiccant then absorbs atmospheric H,O in
order to restrict ambient humidity levels, becoming less effective as pores saturate
with water vapours. Activated charcoal with a highly-porous micro-capillary struc-
ture will indiscriminately adsorb vapour molecules across the large area-to-volume
ratio, collecting molecules at the surface.

OLEPs are prepared as a solution in toluene and deposited with a drop-cast or
spin-coating technique. This results in an approximate 90 nm film thickness us-
ing Laurell Technologies WS-650 Series Spin Processor at 4000 RPM, as shown
in 3.6¢, which is otherwise limited by low molecular weight and viscosity™’. Or-
ganic materials are weighed using a 1 mg precision electronic laboratory balance

to control the dilution concentration of solute in measured solvent volume.
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3.3 Device Characterisation

3.3.1 Optical and Electrical Characterisation
Photoluminescence

Optical characterisation involves the instantaneous non-destructive and non-contact
photoluminescence (PL) spectroscopy analysis of material properties that include
band-gap, QCSE, crystalline defect and chemical composition.

PL includes a generation of excited electron-hole pair beyond the band-edge
through light absorption, investigating the mechanics that act to restore excess mi-

16

nority carriers in the material to equilibrium °. A recombination of the free carrier

back to the valence state occur through the different radiative and non-radiative ac-
tion. The radiative transition of electron-hole pair across the band-gap (E,) releas-

ing change in equivalent energy as a photon, discussed in sections 2.1.6 and 2.1.7.
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Figure 3.7: Image of schematic diagram illustrating photoluminescence and time-

resolved photoluminescence optical characterisation system.

Specimen are mounted under high-vacuum (~ 10~® mBar) in a continuous-
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flow Janis ST-500 Microscopy Cryostat with temperature range between 77 and
300 K; room-temperature and oxygen-free measurements are performed to min-
imise photo-oxidation degradation of organic material in chapters 4 and 5.

Figure 3.7 shows a continuous wave (CW) Vortran Laser Technologies 375
nm Stradus laser diode used to excite exclusively the InGaN QW, necessitating a
photon energy above the material band-gap. This allows investigation of the active
regions optical properties in isolation as GaN is effectively transparent beyond 364
nm (3.4 eV). The laser beam is then directed in free-space to high-performance UV-
enhanced 50x magnification objective with a 0.42 NA through dichroic mirror that
is reflective below 412 nm, focussing to an estimated micron-scale spot-size. PL
emission is collected in-plane with the same objective and dichroic mirror, which
can now transmit the longer wavelength down-converted light. A 50:50 beam-
splitter then provides an optical-path to both video camera and off-axis parabolic
reflective collimator to 1 mm multi-mode optical-fiber.

Spectra are measured using a Horiba Jobin Yvon iHR550 spectrometer and
Synapse thermoelectric cooled charged-coupled device (CCD) detector at -70 °C.
The 550 mm focal length Czerny-Turner spectrometer consists of two aspheric
mirrors and a three grating turret; collimating first to the diffraction grating and
then focusing dispersed monochromatic light to the CCD for spectral acquisition.

A linear polariser in a continuous 360° rotation mount is positioned before
the optical-fiber coupling in polarisation dependent measurement as in chapter 5,
correcting the system polarisation with normalisation over the emission spectra of

a halogen calibration lamp.

Time-Resolved Photoluminescence

Time-resolved photoluminescence (TRPL) investigates the recombination dynam-
ics of free carriers, measuring PL intensity as a function of time'”. The recom-
bination rate is controlled by carrier lifetime, defined as the mean time between
generation and recombination of minority carriers from equation (2.12).

PL and TRPL share the same system to allow simultaneous optical measure-
ments in both the spatial and temporal domain at identical points, separated only
by a 90° flip-mount mirror as shown in Figure 3.7.

The TRPL configuration instead uses a pulsed PicoQuant PDL 800-B 375 nm
laser diode with 50 ps pulse-width over a 2.5 — 40 MHz frequency range, incorpo-

rating a synchronisation output to trigger time-correlated single photon counting
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(TCSPC) electronics. Additionally, dispersed monochromatic light of the Horiba
Jobin Yvon iHRS550 spectrometer is focused rather to a Becker & Hickl HPM-100-
40 with a Hamamatsu R10467 GaAsP hybrid photomultiplier tube (PMT) detec-
tor. A hybrid PMT releases an electron that is accelerated at high-voltage within
a vacuum-tube when incident photon interact with the GaAsP photocathode, high-
energy electron then strike the silicon avalanche photodiode (APD) to generate a
measurable current at the anode' . This high-gain enables individual photon de-
tection under low-light conditions with a single photon response time down to 120
ps. The overall system has an approximate 15 ps timing resolution and instrument
response function (IRF) around 150 ps, which is the convoluted system timing-
artefact applied in each measurement.

The pulsed laser diode and hybrid PMT detector both directly interface with
Becker & Hickl Simple-Tau 130 TCSPC electronics, recording individual free-
carrier excitation and relaxation event.

TCSPC in a reverse start-stop mode correlates the time between detection of
the first single photon and next excitation pulse using a time-to-amplitude converter
(TAC) °, which when triggered by the hybrid PMT will start capacitor charging.
The following synchronised laser diode pulse stops the charging and an analogue-
to-digital converter (ADC) provides a time since excitation from the measured
voltage' . This is repeated until statistically large number of single photon events
have been registered, compiling a histogram decay profile matching the real-time
intensity distribution with a deviation from equilibrium. The probability of a re-
laxation event decreasing with time since pulsed excitation.

A TCSPC system allows simplification over single pulse measurements, using
slower components to measure significantly faster mechanics. The only require-
ment is that the chance for multiple photon detection between consecutive excita-
tion pulses is made negligible, avoiding unintentional bias to earlier photon. This
can be realised by controlling the single photon detection below approximately

1:20 of the laser repetition rate

Confocal Photoluminescence

A high-resolution WITec Alpha300 confocal PL spectral imaging microscopy sys-
tem, shown in Figure 3.8a, uses a single-point excitation and collection that is
focused to a 10 um pinhole, rejecting light outside the image-plane. This improves

the imaging contrast and lateral confocal resolution.
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Figure 3.8: Image of (a) WITec Alpha300 and (b) simplified schematic diagram

illustrating confocal spectral imaging microscopy system.

Specimen can be considered the superposition of infinite point-like objects with
dimensions below the optical systems resolution. Confocal PL. mapping produces
a point-like 0D to 3D spectral array, where elements are complete spectra mea-
sured at each scan position. Fluctuations in the PL intensity map distribution then
correspond to the sample’s structure and/or material composition.

The sample position is controlled in relation to a focused laser beam in the
microscope optical axis, where a stationary diffraction-limited spot is much easier
to maintain. A sub-nanometre precision 3-axis piezoelectric flexure scan-stage is
used with a lateral 100 x 100 um and axial 20 um range, which ultimately deter-
mines maximum image sizes. The scan-stage is then mounted above an additional
coarse alignment 20 mm XY dovetail translation stage.

Figure 3.8b identifies the different instrument beam path and measurement
modes that include bright-field optical microscopy (yellow), reflected confocal flu-
orescence spectral imaging (green) and 375 nm laser excitation (blue); sharing an
optical axis in the vertical direction.

A Vortran Laser Technologies 375 nm Stradus laser diode source is coupled
externally to a single-mode optical-fiber. The laser beam is directed to the sample-
plane using a holographic beam-splitter, which subsequently transmits PL and re-
flected bright-field illumination between either pinhole or ocular colour eye-piece
video camera. A 100x magnification objective with 0.95 NA and 310 pm work-
ing distance is used to both focus excitation and collect emitted light along the

same axis, giving high-performance confocality and spatial resolution. The spectra
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are then acquired using a Princeton Instruments SprectraPro 300i Czerny-Turner
spectrometer and Andor Newton DU970N-UVB-353 back-illuminated CCD, ther-
moelectrically cooled to -60 °C minimising dark current. The input aperture is an
SMA multi-mode optical-fiber that also forms the 10 ym pinhole.

Along the propagation axis a transverse laser beam profile remains Gaussian.
The objective focuses collimated light to the beam-waist of an hyperboloid in the
Z-axis, setting a principal limit to the optical system’s resolution. Image scan pa-
rameters are restricted below the number of resolvable point-like measurements in
each dimension, providing necessary distinction between adjacent spectral points.
This limit is defined by the Rayleigh criterion (0.61 ]&—A) from the excitation wave-
length and objective properties, where a diffraction-limited beam-waist is given to
an approximate 240 nm

The microscopy system is used in a combined high-resolution confocal spec-
tral imaging and direct-write laser photolithography single-instrument, described

in chapter 6.

Electroluminescence

Electroluminescence (EL) is the generation of light through radiative electron-hole
recombination that results from an applied electric-field.

The forward-bias of a PN-junction diode above the built-in electrostatic poten-
tial allows current to flow and efficient injection of majority carrier into the active
region; n-type and p-type material providing a respective high-concentration of
electrons and holes. A localised quantum-confinement of the electron-hole pair
improves the respective carrier wavefunction overlap, enhancing probability of re-
laxation to the ground-state as required through EL.

A digital microscope is mounted above the samples, which includes a XIMEA
xiQ global-shutter CMOS colour video camera with an infinity corrected objective
and 12x UltraZoom Navitar lens tube. A probe-station is then used to mechan-
ically contact the electrodes to both apply and/or acquire an electrical signal us-
ing a Keithley 2400 SourceMeter, analysing optoelectronic properties at ambient
condition. High-precision micromanipulator locate the 600 nm passive tungsten
probe-tips to the anode and cathode.

Emitted light is collected using a high-performance 50x magnification objec-
tive with 0.42 NA and 20.5 mm long working distance, as demonstrated in Figure

3.9. A sufficient 1.6 um depth-of-focus and field-of-view ensure that an entire 100
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Figure 3.9: Image of schematic diagram illustrating electroluminescence optoelec-

. 500 mm monochromator
specimen

tronic characterisation system.

x 100 ym emission area is observed. Infinity corrected light is then directed and
focused to an off-axis parabolic reflective optical-fiber collimator through 50:50
beam-splitter. Spectra are then detected using an Andor Newton CCD and Sham-
rock 500i Czerny-Turner monochromator with a 500 mm focal length; 400 um di-
ameter multi-mode fiber-optic probe with 0.22 NA coupled to StellarNet EPP2000-
HR spectrometer is used alternatively in chapter 4.

Additional optical components can be included and changed along the colli-
mated perpendicular beam path: lever-actuated continuous iris diaphragm controls
effective NA; 10 um pinhole and paired Hastings triplet achromatic lens reject light
outside the focal-plane; and a continuous 360° rotating linear polariser allows po-
larisation dependent measurements as in chapter 5.

A Standa motorised XY scan-stage with 75 x 75 mm travel is used to align the
devices in the optical-axis. The microscope is then mounted to a combined Standa

motorised 360° continuous rotation and 100 mm linear Z focusing translation stage.

3.3.2 Scanning Electron Microscopy

A Raith EO field-emission scanning electron microscope (FE-SEM) is used in
high-magnification imaging between 10 - 10° times in morphological character-
isation.

The field-emission gun emits high-energy electron under vacuum with volt-
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age ranging 0.1 and 30 kV, low-pressure operation minimises electron collisions
on the beam path. A combination of magnetic condensers and objective lens fo-
cus the electron-beam to a smallest diameter spot-size in highest-resolution nano-
scale imaging' . Images are then generated as the focused electron-beam is raster-
scanned across three-dimensional topology, where position is controlled over a
fixed area using pairs of scanning coils in the final magnetic lens that deflect the
electron-beam in X and Y directions

Atomic interactions at the surface produce detectable secondary electron and/or
back-scattered electron, converted to an electrical signal that are reconstituted in
to two-dimensional images from the variations in measured intensity distribution.
Electrons lose and transfer energy through a continuous elastic and inelastic scat-
tering within a shallow droplet interaction volume, producing the reflected pri-
mary and emitted secondary electron. The secondary electron produce a highest-
resolution geometric imaging, where a back-scattered detector provides increased
contrast between atomic material compositions™’. An insulating sample without
path to electrical-ground will however accumulate electrostatic charge across the
surface from the primary electron-beam, resulting in potential image degradation

and scanning faults.
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Light-Emitting Diode with
Non-Radiative Forster Resonance

Energy Transfer
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An electrically injected hybrid organic/inorganic white light-emitting diode
(LED) is presented with a two-dimensional (2D) micro-hole array structure fabri-
cated through the blue emitting InGaN/GaN multi-quantum well (MQW) of a high-
performance inorganic device. The LED geometry improves proximity between
the inorganic active region and down-converting organic light-emitting polymer
(OLEP), enabling the highly-efficient near-field Forster resonance energy trans-
fer (FRET) process whilst retaining excellent electrical characteristics of an un-
patterned planar LED. A reduction in the average recombination lifetime in the
InGaN/GaN MQW is measured with organic/inorganic hybridisation, providing
confirmation of FRET. This results in a highest FRET efficiency of 16.7 %, where
the FRET interaction area accounts for approximately 0.64 % of the remaining blue
emitting inorganic LED, enhancing total device efficiency. An optimised white
light electroluminescence (EL) emission is demonstrated with typical CIE colour
co-ordinates at (0.29, 0.32).

4.1 Introduction

Analogous to the technological development of conventional telephones to the
smartphone, lighting is expected to experience a similar evolution leading towards
“smart-lighting” that is utilised simultaneously in general illumination and ultra-
fast high-bandwidth visible light communication (VLC, i.e. Li-Fi). In such a case
a white light source of certain characteristics is first needed to meet this multi-
function requirement.

The past two-decades have seen a tremendous progress in the advancement of
solid-state lighting, based primarily on IlI-nitride semiconductor materials. The
current state-of-the-art remains founded on the well-established “blue LED + yel-
low phosphor” approach, dependent on blue emission from InGaN/GaN LEDs to
radiatively pump down-conversion phosphor materials that provide longer wave-
length yellow emission to generate together white light. This approach has several
drawbacks, which includes self-absorption of the down-converting phosphor, limit-
ing the colour-conversion efficiency from blue to yellow wavelengths and therefore
colour-rendering.

However, the fundamental limitation of such an LED in Li-Fi applications is
the intrinsically slow response time of phosphor materials, typically on the order

of microseconds, restricting the potential bandwidth to below 1 MHz'. A receiver
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instead would typically use blue filters to remove the slow-response of the phos-
phors’ yellow light”, resulting in a significant loss (~ 50 %) to signal intensity.

OLEPs have seen rapid development in recent years, resulting from several key
advantages, including high luminescence efficiencies, solubility, low-cost manu-
facturing and flexibility. In addition the much faster response times of organic ma-
terials, in comparison to existing phosphors, offers particular advantages in ultra-
fast Li-Fi”. OLEPs also however suffer from a number of fundamental problems, in
particular poor electrical properties. A hybrid organic/inorganic Ill-nitride white
LED therefore combines the complimentary advantages of the two major semi-
conductor material groups. The basic arrangement achieving white light emission
involves the partial down-conversion of an electrically injected blue InGaN/GaN
LED by yellow OLEP. A resulting hybrid device therefore features the respective
high-performance electrical properties and photoluminescent (PL) quantum yield
of the inorganic and organic material systems, as well as the ultra-fast response
of the latter”, potentially demonstrating superior performance to a standard white
LED.

The issues of self-absorption are also eliminated by using OLEPs because of
their intrinsically large Stokes-shift (> 100 nm)’. However, unlike existing phos-
phors, which are prepared in grains typically tens of micrometre in size, OLEPs
can be dissolved in solvent. This allows the possibility to obtain homogenous mi-
crostructures using standard spin-coating techniques, used extensively throughout
semiconductor optoelectronics. OLEPs can therefore simplify the process of fab-
ricating white LEDs, which is particularly attractive to industry.

The most significant benefit to phosphor-free down-converting materials is the
prospect and utilisation of the highly-efficient non-radiative Forster resonance en-
ergy transfer (FRET) process, enhancing colour-conversion efficiency’™'~. FRET
involves the near-field radiation-less energy transfer from the inorganic active re-
gion (donor) to OLEP (acceptor), through dipole-dipole Coulombic interactions
The organic down-conversion material then emits radiatively at a rate above FRET,
effectively stopping a reverse transfer process ~. This avoids intermediate steps
preceding the PL of the down-converting material, which before absorption in-
cludes the photon emission and then extraction in the LED. The energy transfer
process consequently generates a change in carrier recombination dynamics, re-
sulting in an enhancement in total device efficiency, where the FRET rate is suffi-

cient to suppress non-radiative recombination in the inorganic LED".
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The FRET rate is however strongly dependent on proximity between the donor
and acceptor dipole, where a dipole-dipole separation of only a few nanometre (<
10 nm) is necessary to achieve an efficient FRET process”™ . This separation is
described such that statistically FRET occurs before the donor exciton recombines
and relaxes to its ground state ”. The structure of the inorganic LED is therefore of
significant importance to the demonstration of FRET.

Previous attempts to employ FRET have utilised a single-quantum well struc-
ture with a thin GaN cap layer of only several nanometres”~ . This form of struc-
ture cannot be fabricated into an electrically injected white LED due to the require-
ment of a thin (< 15 nm) cap layer, while a standard InGaN/GaN MQW blue LED
would typically require an approximate 200 nm p-GaN cap layer. An electrically
injected hybrid organic/inorganic white LED of this form has been demonstrated
previously ', where the deposition of an OLEP above the standard blue LED re-
places a yellow phosphor without introducing the non-radiative FRET process '

This investigation reports the fabrication of a 2D micro-hole array structure
through the InGaN/GaN MQW of a standard blue LED, producing for the first
time an electrically injected hybrid organic/inorganic white LED compatible with
the near-field requirements of FRET. The LED geometry increases proximity be-
tween the inorganic active region and down-converting OLEP, enabling the highly-
efficient non-radiative FRET process whilst retaining excellent electrical charac-
teristics.

A reduction in the carrier recombination lifetime in the InGaN/GaN MQW
has been observed with organic/inorganic hybridisation, demonstrating a FRET
efficiency of 16.7 %. This where the FRET interaction area accounts for approxi-
mately only 0.64 % of the remaining blue emitting inorganic LED, enhancing total

device efficiency.

4.2 Method

4.2.1 Fabrication

The geometric configuration of this hybrid white LED aims to minimise separa-
tion between donor and acceptor dipoles using a top-down fabrication of a 2D
micro-hole array structure within a standard planar LED device. A yellow down-

converting OLEP is used to fill the volume of the 2D array of micro-holes, allowing
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adjacent coupling with the exposed InGaN/GaN MQW side-walls. As a conse-
quence to this structure, an inherently continuous p-GaN layer is also maintained,
ensuring the electrical properties of the unpatterned device. Figure 4.1 depicts a
schematic of the hybrid organic/inorganic LED with a 2D micro-hole array struc-

ture.

InGaN Pre-Layer |

Figure 4.1: Schematic diagram of the hybrid organic/inorganic white LED with a

2D micro-hole array structure.

Planar LEDs with a standard 350 x 350 um size are initially fabricated here
from commercial blue InGaN/GaN LED wafer grown on c-plane sapphire. The
structure consists: 1 yum n-GaN layer with a thick un-doped GaN buffer on a stan-
dard thin low-temperature GaN nucleation layer; 100 nm InGaN pre-layer; 160 nm
InGaN/GaN MQW active region; and final 230 nm p-GaN layer.

Figure 4.2a shows a schematic diagram of the complete fabrication process
(I-VII) producing the micro-hole array structured hybrid organic/inorganic white
LED. Standard planar LED fabrication (I) briefly involves an initial mesa etch,
meaning part of the wafer is selectively etched into the n-GaN region for the later
fabrication of isolated devices. A 100 nm ITO (indium tin oxide) layer is then de-
posited across the remaining p-type regions, forming an Ohmic contact after ther-
mally annealing at 600 °C for 60 seconds in air. The n-contact electrode consists
of Ti/Al/Ti/Au (20/100/20/60 nm), and then finally Ti/Au (20/200 nm) bond-pads
are deposited on both the p-type and n-type contacts.

A 2D micro-hole array structure is then fabricated through the active region
using a combination of standard photolithography techniques and selective dry-
etching process. The exposed active region along the micro-hole circumference

ensures minimal separation between donor and acceptor dipole, where the FRET
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interaction volume becomes the outer radius of the remaining InGaN/GaN MQW
structure”’. This significantly enhances the coupling between adjacent donor (In-
GaN/GaN MQW) and acceptor (OLEP) dipoles. The micron-scale used is a
close fundamental limitation to conventional photolithography, where minimum
resolvable linewidth is dependent on exposure wavelength and mask-substrate

‘00
separation”.

o —

(1)

(vi) (viny

Figure 4.2: (a) Schematic diagram of the micro-hole array structured hybrid or-
ganic/inorganic white LED fabrication process (I-VIII), (b) SEM image (45° an-
gle) and (c) confocal PL. map under 375 nm laser excitation of the 2D micro-hole
array structured blue LED after etching InGaN/GaN MQW.

The top-down process used for the fabrication of 2D micro-hole array begins
with (II) a 250 nm SiO, layer deposited across the fabricated planar LED using
plasma-enhanced chemical vapor deposition (PECVD), before (III) 20 nm Ni is
then selectively evaporated above the n-type and p-type electrodes to prevent etch-
ing in subsequent steps. A thin photoresist film is then patterned with an array of
circles packed in a polka-dot sequence, with a 2.5 um diameter and a centre-to-

centre spacing 3.5 um minimum. This precedes (IV) the transfer of this pattern to
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the SiO, layer using a standard CH F3/Ar reactive-ion etch (RIE) process, which
then acts as a secondary mask in further fabrication steps to overcome issues of
etch-rate selectivity. The patterned 2D micro-hole array is then (V) formed in the
planar LED, through the active region, using Cly/Ar inductively coupled plasma
(ICP) etching via the 100 nm ITO current spreading layer (CSL). The undamaged
n-type and p-type electrodes are then (VI-VII) re-exposed using the same selective
SiO, RIE processing, previously concealed by the 20 nm Ni that is first removed
using a NH O3 wet-etch.

Figure 4.2b shows a scanning electron microscope (SEM) image taken at a 45°
angle, confirming a 2.5 ym diameter hole with a 900 nm depth that is sufficient
to completely expose the active region side-walls, while also demonstrating the
continuity of the top p-contact. An etch depth of just 390 nm is adequate to pass
the InGaN/GaN MQW of the as-grown LED wafer, where the measured 900 nm
depth also includes the 250 nm SiO, layer and 100 nm ITO layer.

Figure 4.2¢ provides a high spatial resolution confocal P map of the In-
GaN/GaN MQW emission under a 375 nm laser diode excitation, exhibiting the
same periodic pattern in PL intensity as the corresponding 2D micro-hole array.
The complete absence of PL emission from within the micro-hole regions acts to
verify the complete exposure of the active region side-walls as is necessary to create
a FRET interaction volume. The dark area trenches shown between some micro-
holes are a variation in intensity, which is widely accepted in III-nitride materials
to be related to an inhomogeneity in QW composition and thickness~ "~

A prerequisite of FRET is the significant spectral overlap between the
donor emission and the acceptor absorption energy to attain exciton coupling”’.
The m-conjugated yellow emitting polyfluorene co-polymer F8BT, Poly[(9,9-
dioctylfluorenyl-2,7-diyl)-alt-co-(1,4-benzo-2,1’,3-thiadiazole)], has pronounced
absorption peaks at 320 and 455 nm with a high fluorescent quantum yield and rela-
tive ambient stability~~, confirmed by previous absorption spectral measurements”.
In addition F8BT emits a broad yellow peak between 500 and 650 nm, displaying
an overall yellow appearance, meaning it is ideally suited in the application of hy-
brid white LEDs demonstrating FRET colour-conversion. The top-down fabrica-
tion process is thus completed with (VIII) the deposition of F8BT to fill the volume
of the micro-holes. Organic materials however are highly susceptible to degrada-
tion in the presence of atmospheric moisture and oxygen, resulting in permanent

emission quenching~. To mitigate this organic material processing is completed
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within an anaerobic (0O, < 0.5 ppm) glove-box environment with hydrogen gas (H>)

< 5 % in nitrogen (N;).

4.3 Results and Discussion

4.3.1 Electroluminescence

To make accurate comparison, an electrically injected LED with an unpatterned
planar structure is fabricated and full characterisation measurements are then con-
ducted. This same device then undergoes the top-down 2D micro-hole array fab-
rication process, explained above; full characterisation measurements are then re-
peated. The 2D micro-hole array structured LED is then completed with deposition
of F8BT, filling the micro-hole array cavity, forming the hybrid organic/inorganic

device, before full characterisation measurements are then completed once again.
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Figure 4.3: Room-temperature EL spectrum of the unpatterned planar blue LED,
micro-hole array structured blue LED and hybrid organic/inorganic white LED
measured at respective 20 mA injection current. Inset (I) CIE 1931 chromaticity
diagram with co-ordinates at (0.29, 0.32) of the hybrid organic/inorganic white

LED emission measured at 2 mA injection current.

Figure 4.3 presents the unaltered EL spectrum of the same blue LED, before

and after the top-down 2D micro-hole array fabrication process (without F8BT)
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under a 20 mA injection current. A slight improvement in EL intensity is seen
after fabrication of the 2D micro-hole array, which may relate to an increased light
extraction efficiency (LEE) resulting from the existence of the micro-hole array
Figure 4.3 also includes the typical EL spectrum of the hybrid organic/inorganic
white LED also measured under a 20 mA injection current, again no data manipu-
lation is applied. A peak blue emission at 450 nm and yellow emission centred at
550 nm is demonstrated, with a 65 % difference in peak emission intensity, shown
also as an optical image inset in Figure 4.4.

Chromaticity is then quantified using standardised Commission Internationale
de I’Eclairage (CIE) calculations. A dichromatic colour mixing allows genera-
tion of all CIE 1931 chromaticity co-ordinates between the two individual points
through change in dominant emission”’, where the blue InGaN/GaN LED and the
F8BT polymer have respective (0.15, 0.04) and (0.42, 0.57) co-ordinates on the
colour-space diagram~°. The inset of Figure 4.3 shows the typical CIE colour co-
ordinates of (0.29 4+0.039, 0.32 +0.027) and the 8,336 K correlated colour tem-
perature of the hybrid organic/inorganic white LED measured at a 2 mA injection
current, corresponding to a colour-rendering index (CRI) of 52. This is achieved
when the yellow emitting F8BT polymer is drop-cast in a 5 mg/mL toluene concen-
trated solution, allowing this to naturally fill the micro-hole volume, improving the
contribution of F8BT emission to the EL spectrum significantly. However, in or-
der to further improve CCT and CRI additional optimisation is still required. This
might involve increasing deposited F8BT thickness and concentration in toluene or
decreasing the remaining blue emission area by increasing the micro-hole density,
which would also have the effect of increasing the FRET interaction area.

Figure 4.4 shows the IV characteristics of the unpatterned planar blue LED
and micro-hole array structured blue LED. The electrical properties between the
two inorganic blue LEDs remain relatively unchanged, exhibiting only a small 90
mV increase in turn-on voltage (V,) from 3.46 V after the top-down 2D micro-hole
array fabrication (without F8BT), in addition to a 2.68 2 increase in series resis-
tance from 10.27 . Figure 4.4 also includes the IV characteristics of the hybrid
organic/inorganic white LED, demonstrating no discernible change in electrical
properties after FSBT deposition on the micro-hole array structured blue LED, ex-
hibiting an identical 3.55 V turn-on voltage and almost identical effects of series
resistance with only a small further 930 m¢? increase

An increase in parasitic parallel resistance is observed at low and reverse volt-
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age, indicating the introduction of additional shunting paths across the micro-hole
side-walls, with higher reverse leakage current than in the planar LED device.
This effect increases further with organic/inorganic hybridisation, where the or-
ganic semiconductor presents a short-circuit condition across the PN-junction with

a slight micro-hole over-etch into the n-GaN layer.
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Figure 4.4: Room-temperature IV characteristics of the unpatterned planar blue
LED, micro-hole array structured blue LED and hybrid organic/inorganic white
LED with reverse-bias on semi-log scale. Inset (I) optical image of the hybrid

organic/inorganic white LED emission measured at 20 mA injection current.

4.3.2 Photoluminescence and Time-Resolved Photoluminescence

Figure 4.5 shows the room-temperature PL spectrum of the micro-hole array struc-
tured blue LED and hybrid organic/inorganic LED measured using a 375 nm laser-
diode excitation source. The micro-hole array structured blue LED shows strong
PL emission at the 420 nm peak, while the hybrid organic/inorganic LED also
demonstrates a clear broad second peak from the F8BT from 500 nm. Figure 4.5
also provides initial evidence of energy transfer with a 42 % quenching of the
InGaN/GaN MQW PL emission with the organic/inorganic hybridisation, as ob-
served previously™”

FRET is typically characterised using time-resolved PL (TRPL) measurements,



4.3 Results and Discussion 89

e 11-Hole Non-Hybrid LED
B = u-Hole Hybrid LED
=: -
s
>
:I: -
[7]
c
(]
-
E -
|
o
1 ]
400 500 600 700

Wavelength (nm)

Figure 4.5: Room-temperature PL spectrum of the micro-hole array structured blue
LED and hybrid organic/inorganic white LED under 375 nm CW laser diode exci-

tation.

observing a change in the MQW recombination dynamics of the same compat-
ible structured LED device with and without the possibility of FRET near-field

interactions™ TRPL measurements have therefore been performed on the
micro-hole array structured blue LED and hybrid organic/inorganic LED. These
measurements are completed using a 375 nm pulsed laser diode time-correlated
single photon counting (TCSPC) system, as described in section 3.3.1. The same
LED sample with a 2D micro-hole array structure was measured before and af-
ter F8BT deposition in an optical cryostat under identical 10~® mBar vacuum and
room-temperature conditions. This eliminates as far as is reasonably practicable
the effects of photo-oxidation in the organic material, with a combined negligible
exposure to air and background light irradiation.

Figure 4.6 presents the room-temperature TRPL decay traces of the leading
micro-hole array structured blue LED and hybrid organic/inorganic LED at the
InGaN/GaN MQW peak emission, showing highest visible reduction in decay life-
time (k') with the organic/inorganic hybridisation. This reduction cannot be ob-
served without involvement of the non-radiative FRET process".

The decay parameters are extracted from a standard bi-exponential fit, as de-
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Figure 4.6: Room-temperature peak MQW normalised TRPL decay traces of the
leading micro-hole array structured blue LED and hybrid organic/inorganic white

LED under 375 nm pulsed laser diode excitation.

fined in equation (4.1). The two-component PL decay is described as having two
decay elements, attributed first to the relaxation of localised excitons and second
the exciton relaxation of free carriers and localised states””, where o, and 7, de-
fine the individual magnitude and decay lifetime of the two terms. Furthermore,

the decay rate is equal to k, = 7 1.

I(t) = oyexp( ! )+ Oczexp(—l_%) 4.1)

2
I(t) = instantaneous intensity
ax = bi-exponential magnitude decay components

Ty = bi-exponential lifetime decay components

A significant number of measurements have been repeatedly performed, as in
Figure 4.6 and 4.7, demonstrating a decrease in the decay lifetime in 88.9 % of all
measured devices. The FRET rate between the InGaN/GaN MQWs and F8BT can
be obtained by extracting the change in decay lifetimes measured from the micro-

hole array structured blue LED and hybrid organic/inorganic LED, shown in Table
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4.1. TRPL measurements as expected evidence a consistent reduction in the decay

lifetime (7) in a hybrid LED, otherwise absent without FRET, with exception to

the device in Figure 4.7h.
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Figure 4.7: Room-temperature peak MQW TRPL decay traces of the remaining
(a-h) micro-hole array structured blue LEDs and hybrid organic/inorganic white

LEDs under 375 nm pulsed laser diode excitation.

The decay rate of a bare InGaN/GaN LED (ky;ow) is dependent on just radia-

tive (k) and non-radiative (k,,) recombination rates, as is given in equation (4.2).



Electrically Injected Hybrid Organic/Inorganic White Light-Emitting Diode
92 with Non-Radiative Forster Resonance Energy Transfer

FRET coupling in a hybrid device however generates a change in decay dy-
namics, in that an additional energy transfer channel is present. This meaning that
the total recombination rate (kpyy, ) requires modification in order to include a non-

radiative FRET (krprpr) decay term, as in equation (4.3)".

kMQW =k + knr (42)
kyp, = kr + knr + kereT 4.3)

kymow = total inorganic multi-quantum well recombination rate
k, = radiative recombination rate

Kk, = non-radiative recombination rate

Knyp. = total hybrid organic/inorganic recombination rate

krrer = FRET recombination rate

The efficiency of the non-radiative FRET process can ultimately be deter-
mined from the measured difference in decay rates between the patterned inor-
ganic blue and hybrid white LED, isolating the FRET rate, as considered quite
standard™"”>'~“°=". This assuming reasonably that the MQW radiative and non-
radiative recombination rates remain constant with F8BT deposition to cancel out

the common factors, excluding the effects of the additional kpgpr term.

o le—i- 0621722
o7+ 0T

T= 4.4)

T = average weighted lifetime

The average weighted lifetime (7) of a bi-exponential decay, calculated us-
ing equation (4.4)"", results in a highest decrease from 6.6 to 5.7 ns with the
organic/inorganic hybridisation, as shown in Figure 4.6. This corresponds to an
accelerated decay rate of kyow = 0.15 ns™! to kgyyp, = 0.18 ns™!, isolating a 0.03
ns~! FRET rate that produces a 16.7 % FRET efficiency from equation (4.5)""

krRET
__ KERET 45
MERET krrer +kpow (43)
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Nrrer = FRET efficiency

Table 4.1: Room-temperature peak MQW TRPL decay parameter and calculated

FRET efficiency of the leading and remaining (a-h) micro-hole array structured

blue LEDs and hybrid organic/inorganic white LEDs (shown to 2 d.p.).

, o T (05) T T AT k | krrer NFRET
Figure . i
au. ns awu. ns | ns | ns |ns ns %
207.8 2.36 7569 6.99 | 6.60 0.15
4.6 -— 0.95 0.03 | 16.67 £2.06
2899 1.36 731.7 6.04|5.65 0.18
211.3 131 777.8 7.25|6.98 0.14
a 0.44 0.01 | 6.67 £2.30
261.0 1.54 7237 694 | 6.54 0.15
2579 1.78 7134 7.02 | 6.58 0.15
b 0.34 0.01 6.25 £2.55
291.6 1.22 7102 6.62|6.24 0.16
281.8 1.61 698.3 6.68 | 6.23 0.16
c 0.55 0.02 [11.11 £2.45
2919 1.01 7339 6.00]|5.68 0.18
2435 1.26 7564 6.65|6.34 0.16
d 0.40 0.01 | 5.88 £2.45
47 292.6 094 7345 6.24|5.94 0.17
. 2415 1.24 7544 697 | 6.67 0.15
€ 0.26 0.01 6.25 +£2.31
228.5 1.06 800.1 6.65]|6.41 0.16
2104 1.12 787.8 6.53|6.29 0.16
f 0.57 0.02 | 11.11 £2.32
282.5 1.36 721.1 6.11|5.72 0.18
2393 1.45 7540 6.45]|6.12 0.16
g 0.05 0.01 | 5.88 £2.50
229.0 1.21 782.6 6.34]|6.07 0.17
3089 142 671.7 6.62|6.16 0.16
h -0.47 -0.01 | -6.67 £2.79
2725 141 731.6 7.02]6.63 0.15

TRPL decay parameter and FRET efficiency of the measured device are each

included in Table 4.1, accounting for the effects of non-uniformity in the fabrica-

tion process. It is evident that the bi-exponential average weighted lifetime (7) is

lower statistically after the organic/inorganic hybridisation of the micro-hole array

structured LED; though measurements with and without F§BT may not have been

made at identical locations on the same device. However, an approximate 88.9

% of the devices show a degree of improvement with an average 8.73 % FRET

efficiency.

It is also worth highlighting that the FRET efficiency is often corrected by aver-
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aging across the active FRET interaction area or generated electron-hole pairs ex-
periencing FRET""". A corrected FRET efficiency would therefore be significantly
increased, but is not calculated here’"". The FRET interaction area of an individ-
ual micro-hole can be determined by anticipating a 10 nm dipole-dipole separation
following the micro-hole circumference, outside which FRET cannot occur. Using
this assumption and other known dimensions of the device and photomask it can be
reliably estimated that just 0.64 % of the device volume contributes to the highly-
efficient non-radiative FRET process. The relatively small area in which recom-
bination is dominated by the fast-acting FRET process between the InGaN/GaN
MQW and F8BT highlights the enhancement in down-converted yellow emission.

4.4 Conclusion

In summary, an electrically injected hybrid organic/inorganic IlI-nitride white LED
has been demonstrated with an architecture compatible with the near-field require-
ments of non-radiative FRET, providing an increased dipole-dipole proximity. A
top-down 2D micro-hole array structure is transferred to the InGaN/GaN MQW of
a standard blue planar LED using a novel combination of standard fabrication pro-
cess. The resulting device maintains relatively unchanged electrical performance
and a white light EL spectrum with typical CIE colour co-ordinates at (0.29, 0.32).
TRPL measurements of the compatible LED reveal consistent reduction in recom-
bination lifetime of the InGaN/GaN MQW with organic/inorganic hybridisation,
confirming FRET between the inorganic LED and OLEP. The non-radiative FRET
process contributes a 16.7 % best FRET efficiency across a device in which it can
account a 0.64 % total interaction area, suppressing likely non-radiative recombi-

nation mechanics and therefore enhancing total device efficiency.
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A highly polarised light emission from optically-pumped hybrid or-
ganic/inorganic (white) and electrically injected InGaN/GaN inorganic (blue) de-
vices has been achieved with the fabrication of one-dimensional (1D) nano-grating
structures. 1D nano-grating structures through the InGaN-based inorganic multi-
quantum well (MQW) acts first to generate a polarised blue emission; high-
polarised yellow emission is then realised with alignment of the high-efficiency
F8BT organic light-emitting polymer (OLEP) to the periodic nano-grating chan-
nels through an enhanced polymer chain confinement, producing together down-
converted polarised white light. The polarisation dependent measurements show
that the hybrid organic/inorganic devices demonstrates a combined polarisation
degree up to 44 % with the smallest nano-channel width, where electrically in-
jected blue emitting devices have a highest 34 % polarisation degree with largest
nano-grating duty-cycle. The near-field donor (InGaN/GaN MQW) and accep-
tor (F8BT) dipole arrangement of the nano-grating structured hybrid device also
enables the possibility for the highly-efficient Forster resonance energy transfer
(FRET) colour-conversion process. Time-resolved photoluminescence (TRPL)
measurements have shown a maximum FRET efficiency reaching 31.3 %, where
the FRET interaction volume accounts just approximately 3.91 % of the remaining
blue emitting nano-grating structure, enhancing total device efficiency. The ap-
proach developed here allows the fabrication of both high-efficiency polarised blue

and white light-emitting devices.

5.1 Introduction

In the last twenty years there has been an unprecedented development in solid-state
white lighting based on IlI-nitride blue light-emitting diodes (LEDs)', leading to
a semiconductor lighting revolution with the provision of significant reductions in
energy consumption. The combination of a blue emitting InGaN/GaN LED with
down-conversion yellow phosphor is still the main approach to achieving white
light. However, this method has a number of major drawbacks, which includes
self-absorption and the induced inefficient conversion of blue to longer wavelength
yellow light. The low-quality colour-rendering has also been linked negatively
to human behaviours in sleep patterns and subsequently mental health~. In addi-
tion, the existing approach generates significant limitations in application of dis-

play backlighting that first requires polarised white light, as well as in visible light
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communication (VLC) that is otherwise restricted in bandwidth by the intrinsically
slow-response time of phosphors.

A number of approaches have been proposed in order to address these
challenging issues, such as monolithically integrated white LEDs, hybrid inor-
ganic/inorganic colloidal quantum-dots and hybrid inorganic/organic conjugated
polymers . The ideal solution would be a monolithically grown white LED with
all necessary emission components (blue and yellow) exhibiting both polarised and
high-efficiency performance. However, the well-known quantum-confined Stark
effect (QCSE) makes growth of Ill-nitride materials that emit beyond the blue
spectral region quite difficult™'", leading to a significant reduction in quantum effi-
ciency. At present this approach is therefore considered unlikely as it would require
a high-efficiency yellow emission with a large degree of both optical polarisation
and emission matched to the polarised blue light. Additionally, emission from a
standard c-plane LED is intrinsically unpolarised.

A combination of CdSe/ZnS colloidal quantum-dots with inorganic III-N blue
LEDs have been used previously to achieve high-performance white light sources
with excellent CIE chromaticity co-ordinates and colour-rendering index (CRI)
value' '~. This method still faces the significant challenge of achieving po-
larised white light. Compared to existing phosphors or colloidal quantum-dots,
down-conversion OLEPs have a number of key advantages, which includes first
a high PL quantum efficiency in the yellow spectral region. It is also well-
known that an OLEP exhibits generally a large Stokes-shift, effectively elimi-
nating issues of self-absorption. In addition, the solubility of organic materials
can simplify the fabrication process of hybrid organic/inorganic nano-scale struc-
tured devices by use of standard spin-coating technique. However, most sig-
nificantly is that down-converting OLEPs have the potential to allow enhanced
colour-conversion efficiency through non-radiative Forster resonance energy trans-
fer (FRET) process™ “~'". This means that the colour quality of such hybrid in-
organic/organic white LED can be significantly enhanced by contrast to current
solid-state devices fabricated using phosphors.

The utilisation of light-emitting conjugated polymers is significant to the fab-
rication of polarised white emitters, where liquid crystalline (LC) phases can ex-
ist due to the conjugated backbone and long alkyl side-chains ~. A liquid-crystal
polymer naturally exhibits a preferential alignment on the microscopic domain,

demonstrating unique properties such as increased carrier mobility and polarised
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light emission . Engineering of the alignment properties from the microscopic
to macroscopic scale therefore allows polarised light to be effectively produced

A further requirement is to convert the unpolarised blue emission from a stan-
dard c-plane InGaN/GaN multi-quantum well (MQW) structure into polarised
light. The fabrication of a one-dimensional (1D) nano-grating structure through
the MQW is a promising approach, in such case the structure can also serve as a
polariser. Combining the inorganic nano-structured LED with a conjugated OLEP
compatibly will produce a hybrid organic/inorganic device that is potentially capa-
ble of emitting highly polarised white light with high CRI.

A number of approaches have also been explored in the alignment of conju-
gated polymer chains, which include nano-imprinting, electro-spinning and ther-
momechanical alignment techniques >'*“"~"". In this work a novel and efficient
method for fabricating 1D nano-grating structures in a standard InGaN/GaN MQW
epi-wafer is demonstrated, producing polarised blue emission. The 1D nano-
grating consists of a large number of periodic channels into which yellow emitting
F8BT OLEP can be filled, nano-channels are then further used to accurately align
the polymer chains over the macroscopic domain in generation of polarised yellow
light.

Such a hybrid organic/inorganic structure is also expected to result in a sig-
nificant enhancement in the radiation-less FRET process between InGaN/GaN
MQW (donor) and F8BT (acceptor) through dipole-dipole Coulombic interactions.
As a result of FRET a reduction in non-radiative recombination dynamics in the
donor material is expected due to the additional channels by which excitons can
now transfer to the acceptor. The near-field FRET process is highly sensitive
to the dipole-dipole separation (< 10 nm) ", and also the resonant overlap be-
tween respective dipole emission and absorption spectrum. The optimisation of
these parameters can potentially lead to a high FRET rate that in turn would dra-
matically increase the white light colour-conversion efficiency. This has previ-
ously been demonstrated with the fabrication of a hybrid organic/inorganic device
with an underlying self-assembled nano-rod structure that minimises this dipole-
dipole separation ~’. However, due to the perceived arbitrary nature of the self-
assembled III-nitride nano-rod arrays and random distribution of F8BT, polarised
white light cannot be achieved.

In this work, as mentioned, hybrid organic/inorganic top-down nano-structured

devices containing periodic nano-channels of different widths are fabricated in
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standard c-plane InGaN/GaN MQW, where F8BT is then effectively filled into
the nano-channels. The hybrid configuration can also allow effective manipulation
of the relative orientation of donor-acceptor dipoles to produce polarised emission.
The resulting high-efficiency polarised white light source is particularly useful in

display-screen backlighting applications.

5.2 Hybrid Nano-Grating Photoluminescence

5.2.1 Fabrication

A standard five-period InGaN/GaN MQW epi-wafer is used in the PL investiga-
tion, where each InGaN quantum well has a 2.5 nm thickness and approximate
20 % indium content between 10 nm GaN barriers. The samples are grown on
a double-side polished c-plane sapphire substrate using a metal-organic chemical
vapour deposition (MOCVD) system. The structure also includes an initial high-
temperature 200 nm AIN buffer-layer, 1.2 um undoped GaN and a final 10 nm GaN
capping-layer above the MQW.

A commercial WITec Alpha300 confocal microscopy system equipped with a
375 nm excitation laser diode has been repurposed to direct-write 1D nano-grating
mask patterns on a sub-micron scale using high-powered laser ablation of soft
photoresist material. The patterned gratings are then transferred through the In-

GaN/GaN MQW structure using subsequent combined dry-etch techniques.
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Figure 5.1: Schematic diagram of the nano-grating structured hybrid or-

ganic/inorganic device fabrication process (a-h).
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Figure 5.1 shows a schematic diagram of the complete fabrication process (a-h)
producing the 1D nano-grating structured hybrid organic/inorganic white device.
A (b) 250 nm thick SiO, layer is first deposited directly on top of the epi-wafer us-
ing plasma-enhanced vapor deposition (PECVD), serving later as secondary hard
mask. Next (c) a thin (650 nm) negative-tone photoresist film is spin-coated, before
UV flood exposure and development that allows further processing outside yellow
light conditions. The nano-grating patterns are then (d) written into the photore-
sist soft-mask through high-powered laser ablation using a confocal fluorescence
microscopy system, which has a 100x magnification and 0.95 NA objective that
provides an approximate 480 nm focused laser spot-size. The 1D array patterns
are transferred utilising the systems high-resolution XYZ piezoelectric scan-stage,
which raster-scans the sample relative to the fixed laser over a 70 x 70 ym area.
This is followed by an O, plasma ash that removes organic residues from within
the patterned channels. A (e) standard CH F3/Ar reactive-ion etch (RIE) process is
then used to subsequently transfer this pattern to the SiO,, acting as a hard-mask in
the subsequent step to overcome issues of etch-rate selectivity. The nano-grating
structure (g) is then formed through InGaN/GaN MQW using an Cl/Ar inductively
coupled plasma (ICP) etching, resulting in an approximate combined 500 nm etch
depth.

A set of nine nano-grating structures each with different channel widths, rang-
ing from 43 to 294 nm with a consistent 510 nm centre-to-centre spacing were
fabricated to investigate the polarisation degree relative to the nano-channel width.
Figure 5.2 shows the top-view (0°) scanning electron microscope (SEM) images of
each of the following nine nano-grating structures.

In the fabrication of the hybrid organic/inorganic device FSBT polymer is dis-
solved in a 5 mg/mL toluene concentration, which is then (h) spin-coated across
the nano-grating structures to fill the nano-channel void with an approximate 1.6
refractive index. This form of OLEP deposition yields microscopic random align-
ment of the FSBT molecule chains, despite filling the nano-channels. Conse-
quently, the random alignment of polymer chains does not lend itself to polarisation
or optimal FRET coupling between the inorganic and organic dipole intrinsically.
To then produce a best possible alignment of the OLEP along the nano-channel (h)
the hybrid samples are heated for 1 hour to 160 °C, above the F8BT glass tran-
sition temperature (7, ~ 90 °C), transforming to its LC phase. A high-pressure

is then also simultaneously applied in order to further enhance the alignment of
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d. 121 nm

Figure 5.2: SEM images (0° angle) of the (a-i) nano-grating structured devices
after etching InGaN/GaN MQW; fixed 510 nm centre-to-centre spacing and nano-
channel width ranging 43 - 294 nm.

the F8BT to the nano-channel forcibly between aluminium plates that are maxi-
mally torqued. The samples are then left to cool-down to room-temperature, where
the chains are again frozen in position below the transition temperature, before
the applied clamping pressure can be removed. Organic materials are susceptible
to degradation in the presence of atmospheric moisture and oxygen, resulting in a
permanent emission quenching, therefore organic material processing is completed

within an anaerobic (O, < 0.5 ppm) glove-box.

5.2.2 Photoluminescence

The room-temperature optical properties of the 1D nano-grating structures have
then been investigated as a function of the nano-channel width relative to an un-
patterned planar sample, using photoluminescence (PL) measurements with a 375
nm laser diode excitation (section 3.3.1). In the polarisation dependent PL mea-
surements a linear polariser in a 360° continuous rotation mount is placed before

the collection fiber.
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Figure 5.3: Polarisation dependent PL spectrum of the (a) nano-grating (294 nm)
and (b) planar structured blue emitting devices under 375 nm CW laser diode ex-

citation.

Figure 5.3 shows the PL spectrum of an inorganic 1D nano-grating structure
with a 294 nm channel width as function of the polarisation angle between 0° and
80°, also given as comparison is the polarisation dependent PL spectra of the un-
patterned sample. As expected, PL of the unpatterned device remains unchanged
with the polarisation angle, this is a result of the unpolarised nature of c-plane In-
GaN/GaN MQW emission. In contrast an obvious intensity variation and change in
peak-emission wavelength with the nano-grating structure is measured with respect

to the polarisation angle.
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Figure 5.4: Polarisation dependent (a) normalised integrated PL intensity and (b)
peak-energy position of the nano-grating (294 nm) and planar structured blue emit-
ting device under 375 nm CW laser diode excitation; plotted in the polar co-

ordinate system.
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Figure 5.4a and 5.4b present respectively the integrated PL intensity and peak
wavelength position against polarisation angle in the polar co-ordinate system;
showing an approximate 20 meV red-shift toward low-energy emission at the high-
est integrated PL intensity as similarly reported elsewhere in literature””. A clear
polarised emission is demonstrated with the nano-gratings, while the emission
from the unpatterned sample exhibits no polarisation dependent behaviours due to
an intrinsic isotropic strain. A strain relaxation can however be introduced through
the top-down fabrication into nano-structures, as previously studied '

In the case of the nano-grating structure the 1D configuration leads to an
anisotropic strain relaxation; because relaxation takes place only in the direction
perpendicular to the grating orientation the intrinsic strain condition resides in the
remaining material along the direction of the nano-channels. As a result of the
anisotropic strain relaxation two dominant optical transitions then exist due to the
valence band splitting between two distinct sub-bands™"°, where electron-hole
pair recombine preferentially at the lowest transition energy, leading to the optical

polarisation effects as observed in Figure 5.3 and 5.4.
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Figure 5.5: PL spectrum of the nano-grating (43 nm) structured hybrid or-
ganic/inorganic white emitting device under 375 nm CW laser diode excitation;

polariser positioned perpendicular and parallel to the nano-gratings.

The same polarisation dependent PL. measurements have also been repeated
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with the hybrid nano-grating samples after OLEP deposition. Figure 5.5 then
shows the PL spectrum of a hybrid 1D nano-grating structure with a 43 nm chan-
nel width, measured at the extreme polarisation angles, where the polariser is
positioned parallel and perpendicular to the nano-gratings. The measurements
both before and after F8BT deposition are complete under identical high-vacuum
room-temperature conditions in an optical cryostat, eliminating effects of photo-

oxidation in the organic material.
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Figure 5.6: Polarisation degree of F8BT, MQW and reference (F8BT) emission of
the nano-grating structured hybrid organic/inorganic white emitting device; fixed

510 nm centre-to-centre spacing and nano-channel width ranging 43 - 294 nm.

Figure 5.6 displays the polarisation degree of the nine hybrid nano-grating sam-
ples as a function of channel width, considering MQW and OLEP emission sepa-

rately, polarisation degree is calculated using equation (5.1)

-
IJ_"‘I//

G.D

p = polarisation degree
I,, = total parallel intensity

I, = total perpendicular intensity
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A decrease in the polarisation degree is observed from 68 % to 40 % in the in-
organic MQW emission with a reducing nano-channel width. The polarised emis-
sion from the c-plane InGaN/GaN active region is generated through an anisotropic
strain relaxation’, caused by the fabrication of the nano-grating structure through
the MQW. The increasing nano-channel width results in an enhanced anisotropic
strain relaxation relative to the constant 510 nm centre-to-centre period, leading to
an increase in the polarisation degree

Alternatively, the F8BT polarisation degree increases gradually with a decreas-
ing nano-channel width, allowing polymer chains to exist in fewer different orien-
tations within the channel causing polarisation degree to increase’’. The highest
polarisation degree of the OLEP alone is 48 % with the 43 nm channel width, which
for the combined hybrid white emission (MQW and F8BT) gives a 44 % polari-
sation degree. This suggests that a reduction in nano-channel width enhances the
confinement of the F8BT'°, leading to improved alignment of molecules along the
nano-grating direction

To further strengthen this theory an identical set of hybrid nano-grating devices
were fabricated for comparison, where F8BT polymer is instead filled into the
nano-channels without subjection to the previously described macroscopic align-
ment process. Figure 5.6 includes also the measured PL polarisation degree against
nano-channel width of these hybrid reference sample (black); zero polarisation de-
pendent behaviour is exhibited regardless of the dimension. This because the pref-
erential random alignment of molecules is still on the microscopic scale, where

neighbouring polymer chains are arranged with different orientation'’~

5.2.3 Time-Resolved Photoluminescence

The recombination dynamics of a hybrid organic/inorganic nano-grating structured
sample has also been measured, investigating the possible non-radiative FRET pro-
cess. Room-temperature time-resolved PL. (TRPL) measurements have been per-
formed using a time-correlated single photon counting (TCSPC) system, where the
excitation source is a 375 nm pulsed laser diode as described in section 3.3.1.

As a comparison an identical nano-grating structure is fabricated with a PMMA
top layer, where the absorption spectrum is unmatched to the InGaN/GaN MQW
emission, effectively blocking FRET between the donor-acceptor dipole.

Figure 5.7 shows the TRPL decay trace of both the nano-grating structured
reference (PMMA) and hybrid (F8BT) sample with the smallest 43 nm channel
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Figure 5.7: Peak MQW normalised TRPL decay traces of the nano-grating (43 nm)
structured hybrid organic/inorganic (F8BT) and reference (PMMA) devices under

375 nm pulsed laser diode excitation.

width, measured at the InGaN/GaN MQW peak wavelength (~ 460 nm). This
demonstrates a significantly reduced PL decay lifetime for the hybrid sample with
OLEP deposition and LC alignment process.

The decay parameters are extracted from a standard bi-exponential fit, as de-

fined in equation (5.2)"', where the decay rate is equal to k, = 7 !

I(t) = oyexp( ! )+ (xzexp(—l_%) (5.2)

T
The decay rate of the PMMA coated InGaN/GaN device (kyow) is dependent
on just radiative (k,) and non-radiative (k) recombination rates, as is given again

in equation (5.3).

kMQW = kr+knr (53)

FRET coupling in the hybrid device with F§BT generates a change in decay
dynamics, in that an additional energy transfer channel is present, meaning that
the total recombination rate (kpyy, ) requires modification in order to include a non-

radiative FRET (kgpgrpr) decay term, as in equation (5.4)".
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keyp, = kr + knr + kerer (5.4)

The efficiency of the non-radiative FRET process can then ultimately be deter-
mined from the measured difference in decay rates between the patterned reference
PMMA and hybrid inorganic/organic F8BT device, isolating the FRET rate. FRET

efficiency is calculated using equation (5.5) "

krRET
= 5.5
NFRET krreT + kmow )

The lifetime (7) from the bi-exponential decay results in a consistent decrease
from 4.5 to 3.1 ns in the fast-decay component between the PMMA and F8BT
coated hybrid samples, as shown in Figure 5.7. This corresponds to an accelerated
decay rate of kyyow = 0.22 ns™! to kpyyp, = 0.32 ns™!, isolating a 0.10 ns~! FRET
rate that produces a highest 31.3 % FRET efficiency.

The FRET efficiency is again often averaged across the active FRET interac-
tion area; corrected FRET efficiency is therefore expected to be significantly en-
hanced, but is still not included here’~. The FRET interaction area of an individual
nano-channel can be determined by anticipating a 10 nm dipole-dipole separation
following the perimeter edge, outside which FRET cannot occur. Using this as-
sumption and other known dimensions it can be reliably estimated that just 3.91
% of the remaining device volume contributes to the highly-efficient non-radiative
FRET process. The comparatively small area in which recombination is dominated
by the fast-acting FRET between the InGaN/GaN MQW and F8BT highlights the

enhancement in the down-converted yellow emission process.

5.3 Inorganic Nano-Grating Electroluminescence

5.3.1 Fabrication

Planar LEDs with a standard 120 x 280 ym size are first fabricated using a com-
mercial blue InGaN/GaN LED wafer grown on c-plane sapphire in this now EL
investigation. The epitaxial structure consists of a 1 um n-GaN layer with a thick
undoped GaN buffer on a standard thin low-temperature GaN nucleation layer, 100
nm InGaN pre-layer, 160 nm InGaN/GaN multi-quantum well (MQW) active re-
gion and then final 230 nm p-GaN layer.
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Figure 5.8 shows a schematic diagram of the complete fabrication process (a-h)
producing the 1D nano-grating structured inorganic blue LED. A standard planar
LED fabrication (a) briefly involves an initial mesa etch, where parts of the wafer
are selectively etched 730 nm into the n-GaN region for the later fabrication of iso-
lated devices. A 100 nm ITO (indium tin oxide) layer is then deposited across the
remaining p-type regions, forming an Ohmic p-contact after thermally annealing
at 600 °C for 60 seconds in air. The n-contact electrode consists of Ti/Al/Ti/Au
(20/100/20/60 nm), before then final Ti/Au (20/200 nm) bond-pads are deposited
on both the p-type and n-type contacts.

A 1D nano-grating structure is then fabricated through the active region of a
planar LED device using a combination of standard photolithography, novel direct-

write laser ablation and selective dry-etching technique.
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Figure 5.8: Schematic diagram of the nano-grating structured inorganic LED fab-

rication process (a-h).

The top-down fabrication procedure in detail begins with (b) a 250 nm SiO,
layer deposited across the fabricated planar LED using PECVD, which later acts
as a secondary hard-mask overcoming issues of etch-rate selectivity. A subsequent
(c) 650 nm negative-tone photoresist film is then deposited, processing outside
yellow light conditions is allowed following UV flood exposure and development.
1D nano-channel arrays are then patterned in the soft photoresist material through a
laser ablation direct-write action using a confocal fluorescence microscopy system,
which again has a 375 nm laser diode excitation and 100x magnification objective

with 0.95 NA. The patterns are written utilising the systems high-resolution XYZ
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piezoelectric scan-stage to raster-scan samples over a 70 x 70 ym area relative to
a fixed ~ 480 nm focused laser spot-size. The mesa emission area is designed to
match the maximum 100 x 100 um travel range of the scan-stage, restricting size
to a single-run exposure. This pattern is (d) then transferred to the SiO; layer using
a standard CHF3/Ar RIE process; prerequisite O, plasma ashing first removing
residual organic matter from within the patterned nano-channels. The preceding
1D nano-grating structure is then (e) formed within the InGaN/GaN MQW of the
planar LED using an Cl/Ar ICP etch, resulting in an approximate 620 nm depth
through the inclusive p-contact. The undamaged n-type and p-type electrodes are
then ultimately (f-h) re-exposed using a combined conventional photolithography

step and the same selective SiO;, RIE processing.

a.19.7 % b.22.7%

d.23.9% s

Figure 5.9: SEM images (0° angle) of the (a-d) nano-grating structured inorganic
LEDs after etching InGaN/GaN MQW; duty-cycle ranging 19.7 - 23.9 %.

The particular geometric configuration of the nano-grating structured inorganic
LED aims to demonstrate similarly polarised blue emission under an applied elec-
trical injection. A necessary consequence to the fabricated top-down structure is
an inherently continuous p-GaN layer that is maintained around the nano-channels,

allowing full current spreading across the device.
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A set of four nano-grating structures each with different channel widths and
centre-to-centre spacing are fabricated, characterising effects of polarisation degree
relative to duty-cycle. The duty-cycle here is a percentage ratio of channel width
to the total period, giving most accurate representation of the remaining anisotrop-
ically strained inorganic blue emitting material after the top-down 1D nano-grating
fabrication

Figure 5.9 shows the top-view (0°) SEM images of the aforementioned four
nano-grating structures, where measured channel width ranges between 332 - 491
nm with either a designed 1.67 um or 2 um centre-to-centre spacing. The LED
denoted a-d each assiduously have a respective nano-grating duty-cycle of 19.7
% (332:1687 nm), 22.7 % (451:1987 nm), 23.6 % (395:1672 nm) and 23.9 %
(491:2057 nm).

5.3.2 Electroluminescence

The ambient electrical properties of the 1D nano-grating structured LED have been
investigated as a function of duty-cycle relative to an unpatterned planar LED,
emitting intrinsically unpolarised light in c-plane materials. The devices are all
subject to parallel fabrication conditions, where the measured planar LED excludes
the mask-less laser ablation process.

Figure 5.10 shows the IV characteristics of the unpatterned planar and nano-
grating structured blue LED, including comparison of typical behaviour before and
after the top-down fabrication. The electrical properties of an unpatterned planar
LED pre-fabrication demonstrate a 3.38 V turn-on voltage (V,) and 12.4 () series
resistance; post-fabrication this increases to an average 4.41 V and 63.1 Q) with
and without the nano-grating structure. A negative change in IV characteristics is
therefore largely attributed to the top-down fabrication process regardless of the
device architecture. However, a non-linear increase in series resistance is also ob-
served between LED a and d from 56.6 2 to 67.6 €2, where resistance is related
inversely to the remaining cross-sectional area.

Electroluminescence (EL) is captured using a probe-station as described in sec-
tion 3.3.1, where the approximate 100 x 100 ym emission area is collected simul-
taneously under 20 mA injection current. This is shown as an optical image inset
in Figure 5.10. However, in polarisation dependent measurements the infinity cor-
rected light is instead focused to the parabolic reflective optical-fiber collimator

through a 360° continuous rotation linear polariser.



5.3 Inorganic Nano-Grating Electroluminescence 115
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Figure 5.10: IV characteristics of the planar (pre/post-fabrication) and nano-grating
structured inorganic LEDs; duty-cycle ranging 19.7 - 23.9 % (a-d). Inset (I) optical
image of the nano-grating (23.9 %) structured inorganic blue emitting LED under

20 mA injection current.

Figure 5.11 presents the EL spectrum of the ~ 445 nm blue emitting nano-
grating structured LED d as a function of polarisation angle from 0° to 80°, as
reference the post-fabrication planar LED is also included. EL of the nano-grating
structured LED demonstrates significant intensity variation between extreme polar-
isation angles with a corresponding 2 nm change in the peak-emission wavelength,
whereas this remains consistent in the unpatterned LED due to the unpolarised
nature of c-plane InGaN/GaN MQW emission.

Figure 5.12 shows the normalised integrated EL intensity of LED a-d against
polarisation angle in the polar co-ordinate system. A clear polarised emission is
demonstrated in each of the nano-grating structures, showing a typical asymmetric
behaviour, which is exaggerated with the increasing duty-cycle. The EL emission
from a planar LED is also shown as reference, exhibiting again no polarisation
dependence because of the intrinsic isotropic strain across a continuous emission
area.

The 1D array configuration of a nano-grating structure again leads to an

anisotropic strain relaxation. This effect occurs predominately in the directions
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Figure 5.11: Polarisation dependent EL spectrum of the (a) nano-grating (23.9 %)

and (b) planar structured inorganic LEDs under 20 mA injection current.
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Figure 5.12: Polarisation dependent (a-d) normalised integrated EL intensity of the
planar and nano-grating structured inorganic LEDs under 20 mA injection current;

plotted in the polar co-ordinate system and duty-cycle ranging 19.7 - 23.9 %.

perpendicular to the grating orientation, which means the intrinsic strained condi-

tion resides in the remaining material parallel to the nano-channels. As a result



5.3 Inorganic Nano-Grating Electroluminescence 117

of the anisotropic strain relaxation the dominant optical transitions are split be-
tween distinct sub-bands~""~, where electron-hole pair recombine preferentially
at the lowest transition energy. This is evidenced partially by a red-shift toward
low-energy emission at the highest integrated EL intensity°, leading to the optical
polarisation effects as observed in Figure 5.11 and 5.12.

Figure 5.13 displays the polarisation degree of the four nano-grating LED as
a function of duty-cycle. The polarisation degree is a ratio of the difference and
total intensity measured parallel and perpendicular to the 1D nano-channel array,
calculated using equation (5.1)"". An improvement in the polarisation degree is
observed from 24.4 % to 34.4 % with an increasing nano-channel duty-cycle. The
polarised emission is caused by the fabrication of nano-structures through the c-
plane InGaN/GaN MQW ™'~/ generating that anisotropic strain relaxation". The
increasing duty-cycle therefore results in a greater anisotropic effect relative to the

period over a 70 x 70 um nano-grating area, leading to an enhanced polarisation

degree
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Figure 5.13: Polarisation degree of the MQW emission of the nano-grating struc-
tured inorganic LEDs under 20 mA injection current; duty-cycle ranging 19.7 -
23.9 %.
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5.4 Conclusion

In conclusion, optically-pumped hybrid organic/inorganic and electrically injected
inorganic devices are fabricated with a respective highly polarised white and blue
emission. The 1D nano-grating structures were fabricated through application of a
novel mask-less laser ablation process, transferring the pattern through the active
region using a subsequent dry-etching technique. A nano-structured inorganic ac-
tive region emits first polarised blue light through an anisotropic strain relaxation,
relative to the nano-grating direction. The occupation of F8BT down-converting
material to the nano-channel volume then allows the demonstration of polarised
yellow light emission, after a LC phase macroscopic alignment process. This to-
gether generates a down-converted polarised white light, where a strong relation-
ship between the nano-channel duty-cycle and polarisation degree is observed. The
polarisation of a structured InGaN/GaN MQW improves with an increasing chan-
nel width, as a result of enhanced strain relaxation; conversely the polarisation de-
gree of F8BT strengthens with a decreasing size, where a greater nano-confinement
improves the alignment of polymer chains. Polarisation dependent optical mea-
surements show the hybrid organic/inorganic device with a combined white light
polarisation degree up to 44 %, where electrically injected blue emitting devices
have a highest 34 % polarisation degree with the largest nano-grating duty-cycle.
The effects of near-field FRET process are also considered due to the compatible
proximity between donor (InGaN/GaN MQW) and acceptor (F8BT) dipole of the
nano-grating structured hybrid device. TRPL measurements characterise a FRET
efficiency reaching 31.3 %, where the interaction volume accounts approximately

3.91 % of the remaining MQW structure, enhancing the total device efficiency.
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A technical demonstration of direct-write laser photolithography below the
diffraction-limited spot-size has been achieved using a modified high-resolution
confocal fluorescence spectral imaging microscopy system. The single-instrument
is used to both fabricate and characterise IlI-nitride nano-photonics, transforming
a 375 nm excitation source into a direct-write laser photolithography instrument
with sub-micron resolution. An optimisation of the variable parameter allows con-
struction of precise arbitrary mask-less designs, resulting in a minimum 145 nm
feature-size through combined application of the non-linearities in inhomogeneous
photolithography and development rate. A detailed and thorough investigation re-
viewing the feature-size relative to direct-write conditions has then been presented,
calibrating relationship between measured feature-size and design parameter to re-
produce required images or better in photoresist. The findings have then been
applied to the fabrication of electrically injected single micro-pillar structured III-
nitride light-emitting diodes, showing the electrical characteristics of a 3.7 um and
13 um diameter device. This approach demonstrates the capacity to also produce
single nano-pillar LED with respective 326.2 nm and 382.1 nm diameter; measur-

able structures are however restricted by the ability to electrically-probe.

6.1 Introduction

The semiconductor photomask industry records market revenues reaching $4.04
billion worldwide, accounting 13 % of the entire semiconductor wafer fabrication
market'.

A standard UV contact photolithography system transfers 10'! - 10'? parallel
bits stored on time-constant binary photomasks in a single exposure-, with reso-
lution registered down to approximately 1 um. This provides high-speed consis-
tent replication of micro-features in photosensitive material as required in larger-
scale and industrial fabrication. System complexity increases with significant im-
provement below this limit, requiring expensive projection and reduction lenses-.
Long design and manufacturing times dictate also the high-cost of even an indi-
vidual photomask, increasing further with advancing complexity and density of
modern integrated-circuits'—'. High-throughput therefore comes at the expense
of flexibility and cost, making it non-conducive to instantaneous prototyping and
low-scale research. A well-established alternative approach is direct-write laser

photolithography"~
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Direct-write lithography delivers instead exposure energy through a focused
laser beam at only pre-defined and configurable positions, rather than using masked
broad-area uniform radiation across the entire substrate. This allows rapid auton-
omy to construct arbitrary mask-less designs spontaneously and without loss of
even sub-micron resolution, encouraging scientific innovation.

In this study a commercial WITec Alpha300 confocal fluorescence spectral
imaging microscopy system is used to both fabricate and characterise IlI-nitride
nano-photonic devices in a single-instrument. The microscopy set-up has been
able to demonstrate both high-resolution direct-write laser photolithography and
confocal photoluminescence (PL) mapping using the same common control elec-
tronics. This is possible using WITec’s elective DaVinci Nanolithography software
package to arbitrarily control relative position between the prepared sample and
focused laser beam spot. In addition this also provides function to define all nec-
essary direct-write photolithography variable settings with integrated laser shutter
control. Transforming the 375 nm coherent excitation source to a precise writing
tool in direct photolithographic masking.

This investigation presenting a first demonstration and optimisation study of
direct-write nano-photolithography using dedicated single-instrument optical char-
acterisation system, previously also used in laser-ablation and thermal-reaction
only '~

The highly flexible and modular microscopy system requires first after-market
modification, positioning an original equipment manufacturer (OEM) slider with
a 550 nm optical longpass filter after the Kohler illumination white light LED
source. This blocks the unintentional exposure of the standard mid-critical all-
purpose I-line Rohm and Haas MEGAPOSIT SPR350 1.2 photoresist used exclu-
sively throughout this study, blocking wavelengths below the absorption cut-off.

This system now lends itself to both raster and vector direct-write laser pho-

tolithography, as well its originally intended confocal spectral imaging purpose.

6.2 Method

6.2.1 System Description

Figure 6.1 shows a detailed schematic illustration of the microscopy system used

in this study, as also previously described in section 3.3.1. The different instrument
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beam path and measurement mode have been identified in colour as bright-field op-
tical microscopy (yellow), reflected confocal fluorescence spectral imaging (green)

and 375 nm laser excitation (blue); sharing optical axis in the vertical direction.

Multi-Mode Optical Fiber

Fiber Coupling Unit
Optical Output

300mm Spectrometer

375nm Laser - H

cal Fiber
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Binocular Tube
Ocular Video Camera

Single-Mode Opti
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Figure 6.1: Schematic diagram of single-instrument confocal spectral imaging and

direct-write photolithography system.

Position A on the bright-field illumination path identifies the OEM filter slider
unit and 550 nm longpass filter. Following this positions B and C consist of an
aperture and field-stop diaphragm; reflector slider D contains a 50:50 beam-splitter
that directs bright-field light down onto the sample when selected in position.

A 375nm laser diode is coupled externally with adjustable focus to a single-
mode optical-fiber. The polarisation maintaining fiber supports only the lowest-
order transverse mode Gaussian beam, which can be focused to a diffraction-
limited spot, giving high-performance confocality and spatial resolution. The laser
coupling unit consists fundamentally of a micrometer attenuator and three-axis po-
sition and tilt adjustment plate, aligning the optical-fiber core to laser beam axis. A
THORLABS SHBOST electronic controlled diaphragm shutter with a 29 ms mini-
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mum exposure pulse is retrofitted to allow laser beam modulation.

The internal microscope body laser coupling unit is connected with an FC cou-
pler, E is an achromatic collimating lens that adjusts focus to the sample-plane.
Laser excitation is then directed toward this using positionable holographic beam-
splitter F, which subsequently transmits specimen photoluminescence and reflected
bright-field illumination through longpass laser rejection filter G.

High-performance 100x magnification objective with 0.95 NA and 310 um
working distance is used in both confocal spectral imaging and direct-write laser
lithography; focusing and collecting light.

A sliding prism H on push-rod switches the optical-path between the SMA
fiber-coupling unit and ocular colour eye-piece video camera. The fiber-coupling
unit is a micrometer controlled lateral XY position adjustable SMA fiber-adapter
that maximises optical signal coupled to the 10 um confocal pinhole multi-mode
fiber with alignment to the optical plane centre.

The 3-axis piezoelectric scan-stage has maximum lateral 100 x 100 um and
axial 20 um scan range; with integrated capacitive closed-loop position feedback
that provides stable sub-nanometre spatial resolution. The scan-stage is mounted
above an additional coarse alignment 20 mm XY dovetail translation stage, upgrad-
able to an expanded motor-controlled 150 x 80 mm XY sample positioner to allow

full-wafer fabrication.

6.3 Micron and Sub-Micron Pillar Photoluminescence

6.3.1 Fabrication

Figure 6.2 depicts a schematic of the full fabrication process. A standard commer-
cial (a) blue InGaN/GaN LED wafer grown on c-plane sapphire is used in fabrica-
tion of the device structures throughout. This consists of a 1 ym n-GaN layer with
a thick undoped GaN buffer on a standard thin low-temperature GaN nucleation
layer, 100 nm InGaN pre-layer, 160 nm InGaN/GaN multi-quantum well (MQW)
active region and then final 230 nm p-GaN layer.

An approximate 300 nm MicroChem PMGI resist pre-layer and then subse-
quent 1 ym thin photoresist film (b) are spin-coated at 8000 RPM; intermixing
after a sufficient soft-bake is negligible due to PMGI’s insolubility in photoresist

solvent. PMGI is used to assist in high-yield metal lift-off and to extend resolution
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Substrate InGaN Pre-Layer Photoresist

Undoped GaN InGaN/GaN MQW B
B o P-GaN
Figure 6.2: Schematic diagram of complete fabrication procedure using direct-

write photolithography.

limits beyond a single photoresist layer strategy. The still photo-sensitive sample is
then transferred to a darkened non-cleanroom environment for further processing,
avoiding ambient light exposure.

The direct-write exposure (c¢) across the planar photoresist layer is then achieved
using the previously detailed WITec confocal spectral imaging system without
needing intermediate static photomasks. The sample position is controlled relative
to the focused diffraction-limited CW 375 nm laser fixed in the microscope optical
axis using DaVinci Nanolithography scripting software; sub-micron diffraction-
limited spots are much easier to maintain from a stationary laser beam. The DaVinci
scripting function facilitates both arbitrary movement and electronic shutter con-
trol to close the optical path where exposure is undesired, a method therefore suited
overall to small-feature rapid prototyping.

Scanning and modulating the laser beam induces a local chemical change in
molecular structure and solubility at the focal-point in positive-tone photoresist.
A single-step development (c) then selectively removes exposed areas of resist;
critical-dimensions are therefore strongly dependent on the writing parameter. De-
velopment provides a negative retrograde side-wall slope in the PMGI that also

undercuts the photoresist imaging layer to give improved tear-free lift-off'*. This
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is followed with a reactive-ion etching (RIE) O, plasma ash that clears remaining
residues from the exposed areas.

A 75 nm nickel layer is then deposited (d) under a low-pressure thermal evap-
oration. The patterned resist layer offers a sacrificial template that is (e) lifted-off
to leave only the defined areas in metal. PMGI thicknesses significantly above that
of the deposited nickel provide a discontinuity with the metal-film, ensuing clean
lift-off. This acts then as an inversion secondary hard-mask in subsequent selective
processing.

Transfer of the patterned nickel layer into the InGaN/GaN MQW structure (f)
is achieved after a further 660 - 940 nm high flow-rate SiCly / Cl, / Ar, inductively
coupled plasma RIE (ICP) dry-etch; high ion-energy and plasma density result in
smallest side-wall angle.

The flexibility of direct-write fabrication avoids the need for individual static
photomasks with every design change'’. Also the consolidation of processing ex-
clusively to the all-purpose SPR350 photoresist means that each step is compatible

with standard fabrication procedures at a higher-resolution and double exposures.

6.3.2 Direct-Write Optimisation

Along propagation axis the transverse laser beam profile purportedly remains Gaus-
sian. The objective focuses collimated light to the beam-waist of an hyperboloid
in the Z-axis, understood in diffraction theory, setting a principal limit to the op-
tical systems resolution. A result of the Gaussian having no distinct edge and
apparent boundary to characterise dimensions, diameter of a Gaussian beam can
be somewhat arbitrary. The diffraction-limited beam-waist (@) is however given
to an approximate 240 nm minimum . The diffraction-limited spot-size is directly
proportional to wavelength, and therefore higher-energy light can be focused to a
smaller diameter beam-waist; 375 nm laser point-source defining the best possible
lateral results.

The objective of the exposure process is to reproduce closely the required im-
age into photoresist, transferring the pattern with sufficient intensity and homo-
geneity across the full substrate'°. An enhancement in feature-size can however be
attained through investigation of the direct-write parameter and impact relative to
photo-response function of the imaging resist. This examines the true and ideal re-
sponse to light and attempts to account practical considerations beyond just pattern

of light distribution in the subsequent device formation.
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Contrast is a measure of the photoresists capacity to differentiate exposed and
unexposed areas, characterised using quantifiable parameter that relates exposure
to the photoresist thickness after development' »". This would ideally translate to a
step-function. Instead the photo-response is described by a power law relationship
between the minimum and maximum energy-dose states; important in understand-
ing both the photoresist and lithographic method used. Upper and lower energy
density threshold limits define the respective point at which the photoresist solubil-
ity saturates or remains unchanged. Application of the power law relationship can
therefore allow patterning to different photoresist thickness in a single-exposure
using greyscale lithography

Structures below diffraction-limited spot are possible as result of the laser-
beam’s Gaussian intensity distribution, meaning power measured at the central-
peak is significantly higher than at the beam-waist circumference. This creates
a lack of delineation between the exposed and unexposed regions. Taking ad-
vantage of the laser beam’s lack of definitive edge”", parts of the laser beam can
therefore exist simultaneously above and below the photoresists exposure dose-to-
clear threshold limits. Dimensions are therefore dependent on the energy-dosage
supplied at each point. This is controlled primarily by the defined vector write-
speed or raster-scan exposure time, but also power density. Higher-resolution than
conventional direct-write imaging is therefore possible through calibration of the
energy-dose relative to the measured dimension in fabrication; metal lift-off re-
moving issues of etch-rate selectivity in which gradient photoresist features are
transferred to the substrate

Figure 6.3a shows a log-linear plot of the feature-size dimension against the ex-
posure energy that is either calculated from raster dwell-time (blue) or vector-speed
(red and black) over distance, considering over 300 data-points, including both di-
ameter and linewidth. This demonstrates that with minimal exposure energy-dose
sub-micron features below the approximate 480 nm diffraction-limited spot-size
are achieved.

In this study the difference between singular defined raster and vector circular
features are first considered, before briefly the linewidth of seamless linear features.
The distinction between raster and vector direct-write lithography is that the raster
approach generates time-variant designs, where dwell-time is controlled between
each feature. This single-point exposure is inherently expected to give smallest

dimensions in subsequent device fabrication stages, limited only by the diffraction-
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Figure 6.3: Optimisation of direct-write features relative to direct-write parame-
ter: (a) semi-log plot of measured feature-size dimension against exposure energy;
off-axis (45°) SEM image of fabricated (b) 145 nm diameter nano-pillar device;
(c) linear plot of percentage diameter change against exposure energy; (d) optical
image demonstrating arbitrary direct-write imaging; and off-axis (45°) SEM image
of fabricated (e) 321 nm diameter nano-pillar device and (f) 895 nm and (g) 1130

nm linewidth.

limited spot-size. A vector feature is instead defined by the movement of the laser-
beam between positions at defined speed, where energy considers the integrated
exposure dosage for an entire vector pattern that contributes solely to a singular
quantifiable dimension.

The laser beam power is set to operate at a consistent 1 mW to enhance stabil-
ity. The optical power is then controlled with micrometer attenuation on the laser
coupling unit and measured using a THORLABS PM 100D compact power meter
with a S120VC silicon photodiode sensor up to 50 mW with a 1 nW resolution

over a 200 - 1100 nm range. The examined power of the CW laser diode is varied
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between 1 - 500 nW with a 30 nW median and 56 nW average value; limited by the
I-line 67 mJ /cm? sizing energy of SPR350 photoresist and 240 nm beam-waist. A

+5 % measurement uncertainty should be factored at the 375 nm wavelength.

Raster Direct-Write Features

The electronic diaphragm shutter can be used to modulate the laser beam on/off
to expose a defined pattern, analogous to non-impact dot-matrix printing. The re-
sulting quantifiable diameter of isolated single-point raster features are determined
by an energy-variance that is controlled with the exposure time and power density,
practical considerations for signal-delays are included in all instructions.

Energy is instead only varied across a smaller range between 249 and 6000 pJ.
As from Figure 6.3a this replicates at the lower and upper limit a respective 239
and 1166 nm feature-size, where the former is well below the 480 nm diffraction-
limited spot-size and latter gives the largest diameter. A mean 409 nm and median
323 nm diameter are recorded comparatively to a 1165 pJ and 923 pJ exposure
energy.

In optimising these processes an NxXN array is patterned across the full scan-
area using an automated control script, where each element is centred on a single
feature. A change in the structural dimensions relative to an exponential difference
in the write-parameter is then observed between cells, creating sufficient separation
between features to consider them in isolation.

The smallest 145 nm feature-size is achieved at an optimised 1.08 nJ energy-
dose, significantly below the diffraction-limit. This is not however at the lowest
exposure energy, but instead written using a 179 ms dwell-time and 6 nW power.
The nano-structure is presented in the SEM image in Figure 6.3b, showing a 860
nm high truncated cone with a 74.4° side-wall angle and 145 nm diameter top
nickel film.

A proposed explanation for this relates to focus. The focal point of a Gaussian-
beam can affect the resist profile due to its hyperboloid form and change in power
density as it is convergent or divergent to the beam-waist™", despite the system
having a depth-of-focus in the range of the photoresist thickness. A field-stop
diaphragm positioned in the objective’s back focal plane is used to aid optical po-
sitioning to the clean planar surface. The Z microscope stage is then employed to
focus with a 30 mm travel range stepper motor and 10 nm step-size. No real-time

auto-focus is used to account for potential surface fluctuations and an absence of
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quantifiable alignment means defocusing of the laser beam is possible’. Passive
vibration isolation (static granite plate) is however employed to minimise further
external physical effects.

In addition, non-linearities with respect to intensity can also provide improve-
ment in spatial resolution below the diffraction-limit, dependent on the activation
energy of localised chemical reactions. This is not necessarily true of conventional
homogenous photolithographic processes. Absorption of a Gaussian incident light
can result in a similar distribution of temperature, where the reaction rate has a

strong non-linear temperature dependence

Vector Direct-Write Features

Alternatively, the typical direct-write vector designs demonstrated here have a 500
nm diameter circle that is patterned by a 20-point circumference vector, although
extending from 500 nm to 2.5 ym with a 667 nm average. These are written at a
vector-speed ranging between 1.3 - 1000 um/s with a 29 and 101 um/s typical and
average, relative to Figure 6.3a.

Figure 6.3c depicts a linear-linear plot of percentage change in the diameter as a
function of the exposure energy; as expected definite trend exists with an increasing
energy. A positive or negative percentage change represents a respective increase
and decrease in the diameter from the designed vector circumference, controlled
with the write-speed and power density.

The measured upper and lower extreme limits range between 321 - 4231 nm,
equating to a relative change between -36 % and 576 %; characterised by a 125 %
average variance that corresponds to approximate median and mean diameters of
1217 nm and 1406 nm. The percentage change does not however translate from
the equivalently designed and measured feature-size due to a seemingly non-linear
relationship, where above approximately 5 nJ the percentage change increases at
a slower-rate. The decreasing difference in diameter with greater deviations in the
exposure energy suggest that the exposure profile changes with increasing power
and/or scattering effects saturate to minimise over-exposure.

Figure 6.3d and 6.3e highlights the capacity of the direct-write lithography sys-
tem to image arbitrary patterns in photoresist, Figure 6.3d showing the Centre for
GaN Materials and Devices logo across approximately 80 x 80 yum. The scanning
electron microscope (SEM) image in Figure 6.3e then shows the smallest vector

321 nm diameter nano-pillar following significant optimisation at a 45° off-axis,
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measuring a 940 nm etched height and approximate 77.5° side-wall angle.

A short-wavelength incident light even at low-power will excite the active re-
gion of a light-emitting device, fluorescence at 450 nm as in this example is itself
sufficient to partially expose the above photoresist layer. Calibration of direct-write
single vector features can therefore be achieved by factoring a typical real increase
in dimensions from design parameter.

Figure 6.3a also shows the relationship between linewidth (black) and the ap-
proximated exposure energy from vector-speed, showing a similar trend-line as
with the diameter. The two additional SEM images in Figure 6.3f and 6.3g both
show line-features patterned at a 15 ym/s write-speed with a measured 940 nm
height and respective (left) 76.9° and (right) 73.6° side-wall angle. The left-most
image has an 895 nm linewidth written at 30 nW power, alternatively the second
image is 1130 nm wide and uses 50 nW.

A vector direct-write process allows a seamless rendering of features without
demonstrating line-edge roughness (LER), a deviation from the ideal line-shape at
a scale below the resolution limit™’. This is because the Gaussian beam is convo-
luted across the line in practically infinite steps due to the sub-nanometre piezo-
electric stage resolution. Transfer of this studied behaviour to pattern well-defined
grossly non-planar structures is possible with the XYZ piezoelectric scan-stage,

maintaining focus with change in Z-dimensions

6.3.3 Confocal Photoluminescence

The single-instrument is then applied in demonstrating the optical characterisa-
tion of the same structured Ill-nitride light-emitting device. Fabricated structures
are each detectable using this confocal PL spectral imaging technique provided
thoughtful scan parameters; dimensions and step-size below the diffraction-limited
spot will not otherwise offer distinction between adjacent spectral points. Mini-
mum achievable lateral resolution is synonymous to the concept of image contrast.
Resolution is characterised by the distance at which an optical system can distin-
guish between two-point objects separate in the image plane; Rayleigh criterion
determines this to be where the respective central maxima and first minima inten-
sity of the two features coincide.

Although not an actual point source the sample can be considered a super-
position of infinite point-like objects with dimensions under the optical systems

resolution. Confocal PL mapping can produce a point-like OD to 3D spectral ar-
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ray. The reflected fluorescent emission is collected in positions of the scanning
point-source excitation beam, where intensity fluctuations are then correlated to the
specimen structure. Emitted light outside the image-plane is rejected by focusing
to the 10 um pinhole, improving imaging contrast and lateral confocal resolution to
approximately 200 nm. Pinhole diameter is significant because it requires trade-off
between signal intensity and spatial resolution.

Spectra are measured using a Princeton Instruments SprectraPro 300i spec-
trometer and Andor Newton DU970N-UVB-353 back-illuminated CCD, as de-
scribed in section 3.3.1. The 300 mm focal length spectrometer consists two as-
pheric mirrors and a three grating turret to disperse light of the collected beam;
aspheric mirrors first collimating light to the grating and then focusing to the CCD
for spectral acquisition. The input aperture is the second end to the SMA multi-
mode optical-fiber connector that forms the pinhole.

A pixel in this instance is the manifestation of a complete spectrum at every
scan position. Image scan parameters are restricted to below the number of resolv-
able point-like measurements per dimension.

An off-axis SEM image is provided in Figure 6.4a of the micro-pillar light-
emitting device characterised under confocal PL study, measuring a 3.4 um diam-

eter and 660 nm etched height with an approximate 78.8° side-wall angle.

Figure 6.4: 3.4 um diameter micro-pillar device (a) off-axis (45°) SEM image and
(b) optical image of 375 nm laser excitation with scan-area [top] and 2D PL array
map of the binomial average and integrated intensity distribution with cross-section
[bottom].

Figure 6.4b shows top-left an optical image of the fluoresced light around pe-

riphery of the micron-scaled device, excitation coupled in from an edge. Image top-
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right showing sample under-test and the 2D scan-area geometry, where bottom-left
and bottom-right positions show a respective 2D PL array map of the average and
integrated intensity distribution. The latter includes identification of the intensity
cross-section profile demonstrated later in 6.5b.

A 10 x 10 ym PL map with 50 x 50 points and 36 ms integration time per
spectrum is measured in XY across the direct-write laser fabricated area using a
150 grooves/mm grating. An absence of emission exists in the surrounding areas
of the micro-pillar as result of removing the light-emitting active region completely.
In central interior area the emission is not removed but is instead restricted by low-
transmittance of the thick remaining thermally evaporated Ni hard-mask~°. Peak
incident and emission intensity is therefore primarily taken as scattered light at the
side-wall.

The average scan better represents this change in intensity, where a low-pass
mean-filter is applied to the image data object to replace data-points with binomial
average of 3x3 pixel-grid values. This weights the central and surrounding val-
ues to different significance in calculating a new average, which has the effect of
smoothing the images by minimising luminance variation between neighbouring

pixels, reducing noise and eliminating data that is atypical of the area.
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Figure 6.5: 3.4 um diameter micro-pillar device (a) average PL spectrum across 10

x 10 um scan-area and (b) PL integrated intensity cross-section profile.

An average PL spectrum across the entire scan-area graph data object is given
in Figure 6.5a. This shows over a 414 - 500 nm range an emission-peak wavelength
at 450 nm and 25 nm FWHM.

The binomial average image filtering also gives better visualisation of the cross-

section profile in Figure 6.5b, removing the more abrupt change in luminance as
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with the intensity distribution map. Demonstrating a more obvious gradual change
in intensity that is better representative of the Gaussian-like distribution of the two
peaks positioned at 1.8 and 4.8 ym. Importantly, confocal PL spectral imaging
therefore provides an ability to accurately characterise structural features quickly;
the image cross-section extracting an average intensity profile across a 200 nm
linewidth perpendicular to the cross-section against real-position.

Considering difference between 90 % point of the first and second peak at their
respective 1.7 and 5.0 um extreme positions gives a 3.3 ym micro-pillar diameter,
taking the separation at 10 % instead gives the 3.9 um base diameter between 1.4
and 5.3 um. These are both similarly comparable to the 3.4 and 3.7 um dimensions
taken using more traditional SEM measurements, demonstrating necessary accu-
racy. The difference between 10 and 90 % signal positions across a sharp emis-
sion edge can also give a rough approximation to the measured diffraction-limited

beam-waist to 300 nm.

6.4 Micron Pillar Electroluminescence

The feasibility of nano-scale devices under electronic-excitation have been demon-
strated previously with a reported 10 and 77 K low-temperature CW lasing of a
260 nm diameter III-P metallo-dielectric cavity at respective 3.5 and 6 yA cur-
rent threshold””. In the same InP/InGaAs material system low-temperature (78 K)
CW lasing under a 80 yA threshold injection current of a nano-pillar with diameter
ranging between 330 — 500 nm and 1.4 um resonant wavelength is again repeated
Alternatively, the first 386.3 nm wavelength GaN-based room-temperature elec-
trically pulsed lasing at above a 248 mA threshold current is demonstrated with
a record 24 ym diameter microdisk structure, fabricated using standard optical
lithography

A micron and sub-micron round cavity confines light to the periphery of a small
effective volume by total internal reflection, increasing the spontaneous emission
coupled to the lasing mode through the Purcell effect’”, giving possibility for low-
threshold and threshold-less lasing”™>"". III-N semiconductors however generally
have much higher lasing threshold when compared to other III-V materials, where
current density is in the ~ kA /cm? range™

An ultra-stable high-performance single nano-laser is well-suited in nano-

photonics, stable laser oscillation requiring that light intensity remains consistent
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over time’’. A transition to photonic integrated-circuits therefore has the potential
to significantly lower energy consumption, replacing transistor switching, where
an approximate 40 % of internet-related energy is consumed in data centre net-
works converting actual energy into computational power, after cooling and power-
distribution’*

The achievable high-speed modulation (> 0.1 THz) of a nano-laser, demon-
strated under optical-excitation above 100 GHz™-"', overcomes existing challenges
facing electronic integrated-circuit in fundamental speed and bandwidth limits,
where photonic signal do not suffer the same capacitive loading effect™”. Photonic
components are not however presently compatible with the scale of existing elec-
tronics (< 100 nm) blocking integration, requiring still a compact sub-micron and
efficient electrically injected laser diode source, optical-pumping being entirely
unfeasible in application.

An alternative to electron-beam lithography (EBL) is again presented here in
the reproduction of nano-scale features, demonstrating dimensions between EBL
(~ 10 nm) and standard contact photolithography (~ 1 um)~""~. The application
of this adapted high-performance direct-write laser photolithography instrument is
tested in the fabrication of electrically injected single micro-pillar LED, where the

measurable structures are limited only by the capacity to electrically-probe.

6.4.1 Fabrication

Figure 6.6 portrays a schematic of the entire fabrication process (a-h) resulting in
a single micro-pillar structured LED.

The same standard commercial (a) blue InGaN/GaN LED wafer grown on c-
plane sapphire is also used in this investigation. The as-grown structure again
comprises a 1 yum n-GaN layer with a thick undoped GaN buffer on a standard
thin low-temperature GaN nucleation layer, 100 nm InGaN pre-layer, 160 nm In-
GaN/GaN multi-quantum well (MQW) active region and then final 230 nm p-GaN
layer.

An initial (b) mesa etching is first performed, selectively etching sections of the
epi-wafer 680 nm down into the n-GaN layer for fabrication into isolated devices
set as an array of 120 x 280 um rectangular areas spaced 0.5 x 1 mm. N-contact
electrodes (c¢) consisting of Ti/Al/Ti/Au (20/100/20/60 nm) are then subsequently
thermally evaporated; both steps (b) and (c) are defined using standard contact

photolithography.
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Figure 6.6: Schematic diagram of the single micro-pillar structured inorganic LED

fabrication process (a-h).

A 300 nm MicroChem PMGI resist pre-layer and 1 um thin positive-tone pho-
toresist film (d) are again sequentially spin-coated at 8000 RPM.

Mask-less lithography (e) is then completed using the same confocal PL spec-
tral imaging microscopy system described previously, focusing a 375 nm laser
diode to diffraction-limited ~ 480 nm spot-size. A direct-write pattern is defined
through control of the relative substrate position to stationary laser beam utilising
WITec’s DaVinci Nanolithography scripting software, which facilitates both arbi-
trary movement and electronic shutter control. The mesa emission area is designed
to match the maximum 100 x 100 um travel range of the systems high-resolution
piezoelectric scan-stage, patterning full-areas in a single-run exposure. The scan-
ning and modulation of the laser beam induces a local chemical change in molec-
ular structure and solubility at the focal-point in positive-tone photoresist, devel-
opment (e) then selectively removing the exposed sections. This is then followed
with an O; plasma ashing that clears remaining organic residues.

A 75 nm nickel layer is then (f) thermally evaporated and (g) lifted-off tear-free
using the patterned photoresist as sacrificial template, leaving only defined areas
in metal. The deposited metal-film then acts as an inversion secondary hard-mask,
overcoming issues of etch-rate selectivity in subsequent selective processing, and

later as a p-type electrode. Transfer of the patterned nickel layer into the LED



Direct-Write Laser Photolithography Fabrication of Micron and Sub-Micron
140 Single Pillar Inorganic Light-Emitting Device

InGaN/GaN MQW structure (4) is then achieved after a further 940 nm high flow-
rate SiCly / Cl, / Ar; inductively coupled plasma (ICP) dry-etch.

This process combines the respective fast-throughput and flexibility of conven-
tional and direct-write photolithography, allowing replication of consistent features
without needing to replace intermediary static photomasks with each revision'.

Figure 6.7 shows the fabricated electrical devices with a confirmed 940 nm
height and 75 nm thick nickel p-type electrode, where the structure is determined

by the requirements to electrically-probe.

20um

Figure 6.7: SEM images (45° angle) of single micro-pillar (a) LED A and (b) LED

B with a respective 3.7 ym and 13 ym diameter.

LED A with a 3.7 ym diameter micro-pillar connected to a 40 x 30 um contact
via an uninsulated 1.1 um wide bridge is shown in Figure 6.7a. This structure fea-
tures an integrated alignment system that includes 5 x 5 ym inset corners and 100
x 100 ym perimeter drawn with a measured 894 nm linewidth; interface with the
WiTec control software and video-image feedback overlay then allows the manual
alignment of subsequent direct-write device formation stages. LED B with a sim-
plified arrangement includes just a 13 ym diameter single micro-pillar structure as
shown in Figure 6.7b.

A single nano-pillar LED fabrication is also demonstrated in Figure 6.8a and
6.8b with respective a 326.2 nm and 382.1 nm diameter; current injection via direct
electrical-probing is otherwise unsupported on the nano-scale. However, electrical
characterisation of the single micro-pillar structured LED A and B provide veri-
fication through associated fabrication, which are produced under exact parallel

conditions on the same as-grown sample.
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Figure 6.8: SEM images (45° angle) of (a) 326.2 nm and (b) 382.1 nm diameter
single nano-pillar LED.

6.4.2 Electroluminescence

Electroluminescence (EL) is captured using a 600 nm probe-tip station as described
in section 3.3.1, sufficient depth-of-focus and field-of-view ensure entire possible
emission area of approximately 100 x 100 um is collected.

Figure 6.9 shows the IV characteristics of LED A and B with a respective 3.7
pum and 13 ym diameter, exhibiting comparable electrical properties measured us-
ing a Keithley 2400 SourceMeter. LED A shows a 12.4 V turn-on voltage (20 uA)
with a 37 m€ series resistance, where instead LED B shows a 11.6 V turn-on volt-
age and 65 mQ series resistance. The more significant change in resistance is a
suspected result principally of the difference in device-area between 1240 um? (A)
and 98.1 um? (B), where resistance decreases non-linearly with area.

The high turn-on voltage is however attributed to issues in forming an Ohmic
anode and cathode. The nickel p-contact establishing first a Schottky barrier re-
sulting from the difference in material work-function between p-GaN (7.5 eV)
and Ni (5.1 eV)"’, generating additional band-gap discontinuities that otherwise
restrict carrier flow. The effects of this can be reduced through a chemical com-
position grading, although no attempts are made to optimise the hard etch-mask
for electrical contact. In addition, the 940 nm height completely exposes the ac-
tive region side-walls, where an etch depth of just 490 nm is adequate to pass the
InGaN/GaN MQW of the as-grown LED wafer into n-GaN. The combined etch
depth of the mesa and direct-write features mean that the n-contact is instead posi-
tioned approximately 55 nm inside the undoped GaN buffer-layer, again a result of

the unoptimised conditions.
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Figure 6.9: IV characteristics of the single micro-pillar LED A and B; inset optical
images of (I) LED A and (II) LED B under 20 yA injection current

An optical image of the EL blue emission of LED A and B is also inset in Figure
6.9. This demonstrates that the thick low-transmittance nickel p-contact restricts
top-vertical emission~, where collected light is therefore primarily taken through
side-wall scattering effect.

Figure 6.10 presents the EL spectrum of LED A and B measured under a 20 pA
injection current with 0.08 nm wavelength resolution; peak blue emission is ob-
served at 445.8 nm and 447.4 nm, respectively, with almost identical peak-intensity
and 18.4 nm FWHM.

6.5 Conclusion

To conclude, the fabrication of a smallest 145 nm diameter tapered nano-pillar us-
ing a high-resolution confocal fluorescence spectral imaging microscopy system is
presented. The single-instrument first requiring transformation to incorporate ad-
ditional retrofit direct-write laser photolithography capabilities with a diffraction-
limited 480 nm spot-size, allowing the reproduction of arbitrary mask-less nano-
scale features. A detailed and thorough examination of the direct-write parameter

relative to actual feature-size of sub-micron light-emitting devices are then pre-
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Figure 6.10: EL spectrum of the single micro-pillar LED A and B under 20 pA

injection current.

sented, accounting considerations of the ideal and true photo-response. The opti-
misation process is then implemented in the construction of an optically-pumped
3.4 um diameter micro-pillar structure, demonstrating PL characterisation using
the same single-instrument in both fabrication and analysis. A fabrication scheme
resulting in single micron and sub-micron optoelectronic light-emitting devices
has then also been developed, providing a practical alternative between electron-
beam lithography (EBL) and standard contact photolithography. In a technical
demonstration the electrical characteristics of a 3.7 um and 13 um diameter single
micro-pillar structured IlI-nitride LED are shown, more importantly an ability to
fabricate single nano-pillar devices is also presented with a respective 326.2 nm
and 382.1 nm diameter. The measurable features are limited only by the capacity
to electrically-probe at the current dimensions, while verification is still provided

through associated parallel fabrication.
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7.1 Conclusion

7.1.1 Overview

Electrically Injected Hybrid Organic/Inorganic White Light-Emitting Diode

with Non-Radiative Forster Resonance Energy Transfer

A demonstration of electrically injected hybrid organic/inorganic III-nitride white
LEDs were presented with an architecture compatible with the near-field require-
ments of non-radiative FRET. Top-down 2D micro-hole array structures were trans-
ferred to the InGaN/GaN MQW of a standard blue planar LED using a novel com-
bination of standard fabrication process. The resulting white emitting device main-
tains relatively unchanged electrical performance, while providing the necessary
near-field dipole-dipole separation. TRPL measurements of the compatible LED
evidence a reduction in recombination lifetime of the InGaN/GaN MQW with or-
ganic/inorganic hybridisation; contributing a 16.7 % FRET efficiency across a de-

vice in which it accounts a 0.64 % total interaction area.

Polarised Light Emission from Inorganic and Hybrid Organic/Inorganic Nano-

Grating Structured Device

The fabrication of optically-pumped hybrid organic/inorganic and electrically in-
jected inorganic devices with respective highly polarised white and blue emission
were demonstrated. This was achieved through combined mask-less laser ablation
process and subsequent dry-etching technique to transfer 1D nano-grating struc-
tures through the InGaN/GaN MQW. The nano-structured inorganic active region
emits polarised blue light through an anisotropic strain relaxation, occupation of
F8BT down-converting material to the nano-channel then provides polarised yel-
low light emission following liquid crystalline phase macroscopic alignment. A
strong relationship between the nano-channel duty-cycle and polarisation degree
was observed. The polarisation dependent optical measurements show the hybrid
organic/inorganic device with a combined white light polarisation degree up to 44
%; electrically injected blue emitting devices have a highest 34 % polarisation de-

gree with largest nano-grating duty-cycle.
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Direct-Write Laser Photolithography Fabrication of Micron and Sub-Micron
Single Pillar Inorganic Light-Emitting Device

A 145 nm diameter nano-pillar structure was fabricated below the diffraction-
limited spot-size of a high-resolution confocal spectral imaging system with retrofit
direct-write laser photolithography capabilities. The single-instrument was used
to both optically-characterise and construct arbitrary mask-less nano-scale light-
emitting devices; detailed and thorough examination of direct-write parameter rel-
ative to actual feature-size were then presented. This comprehension is then im-
plemented in the construction of an optically-pumped III-nitride micro-pillar struc-
ture, demonstrating PL characterisation of a 3.4 um diameter device using the same
single-instrument in both fabrication and analysis. A fabrication scheme resulting
in single micron and sub-micron electrically injected light-emitting devices has
then also been developed, providing a practical alternative between electron-beam
lithography (EBL) and conventional photolithography. In a technical demonstra-
tion the electrical characteristics of a 3.7 um and 13 um diameter single micro-pillar
structured IlI-nitride LED were shown, more importantly an ability to fabricate
nano-pillar devices was also presented with a respective 326.2 nm and 382.1 nm
diameter. The measurable features were limited only by the capacity to electrically-
probe at the existing dimensions, while verification is provided through associated

parallel fabrication.
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7.1.2 Future Research

This work demonstrates the fabrication and characterisation of electrically in-
jected micron and sub-micron featured II-nitride LED. In the process a novel
sub-wavelength fabrication method using a modified single-instrument direct-write
laser photolithography and high-resolution confocal PL microscopy system has
been developed; demonstrating mask-less laser-ablation and exposure of photore-
sist below the diffraction-limited spot-size.

The expected steps following this works should include fabrication and elec-
trical characterisation toward single nano-pillar LED using optical lithography,
where the biggest challenge still remains to find means of injecting current even
at the micron-scale *~. A number of practical device structures should be consid-
ered in discovering the most efficient electrical-pumping scheme, including lateral
side-wall, axial top-surface and suspended air-bridge excitation with appropriate
dielectric isolation to large-area p-contact. The requirement being to form a p-
type contact without short-circuiting across the active region, providing capacity
to electrically-probe at all dimensions’. The developed fabrication scheme would
then effortlessly lend itself to the demonstration of an electrically injected micron
and/or sub-micron cavity laser-, requiring first an epitaxial structure with sufficient
vertical confinement to sustain optical modes"™.

The developed optical lithography system provides almost limitless design
possibilities over a single 100 x 100 um scan-stage area with homogeneous sub-
micron resolution. An arbitrary mask-less pattern transfer can allow the simulta-
neous fabrication of active nano-photonic emitters and passive photonic integrated
circuits’, where in-plane electrical-excitation methods are inherently compatible
with the requirements of near-field (< 100 nm) side-coupled optical waveguides .
This has been previously restricted by the impractically large diameter of existing
electrically-pumped devices.

Additionally, a continued interest in combined complimentary organic and
inorganic material groups would also be explored, considering the influence of
LED structure and down-converting OLEP in optimising chromaticity and colour-
rendering. Characterising the relationship then between the non-radiative FRET
efficiency and respective interaction volume using the same direct-write laser pho-
tolithographic patterning to control feature-size and density, which fundamentally

requires only to bring the resonant donor and acceptor dipoles in close proximity.
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8.1 Appendix 1 - List of Symbols

0. = critical angle
n,i, = ambient-air refactive index
Ng,, = GaN refractive index
A = wavelength
h = Planck’s constant (6.63 x 10734 Js)
p = particle momentum
= hole density
E = energy
¢ = speed of light (3.00 x 103 ms™ )
Eg = band-gap energy
E. = conduction band minima
E, = valence band maxima
F(E) = Fermi-Dirac distribution
Er = Fermi level
kg = Boltzmann constant (1.38 x 1072 JK 1)
T = absolute temperature
k = wavenumber
h = reduced Planck’s constant (1.05 x 1073* Js)
n = electron density
= principal quantum number
N, = conduction band density of states
Ny = valence band density of states
o = electrical conductivity
e = elementary charge constant (1.60 x 1071 C)
U, = electron mobility
M, = hole mobility
n; = intrinsic carrier density

T — total recombination lifetime
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T, = radiative lifetime
Tar = Non-radiative lifetime
Nige = internal quantum efficiency
R = recombination rate
= optical cavity radius
B = bimolecular recombination coeffecient
= spontaneous emission coupling factor
ngy = equilibrium electron density
én = excess electron density
Po = equilibrium hole density
ép = excess hole density
E, = exciton binding energy
= discrete quantum well energy
U = reduced electron-hole mass
mg = invariant mass
€, = relative dielectric constant
Ry = Rydberg energy of hydrogen (13.6 ¢V)
m” = effective particle mass
L = quantum well thickness
¥ (x,t) = Schrodinger wave equation
X = positon
= indium mole fraction
t = time
Emgan = InGaN band-gap energy
Emn = InN band-gap energy (0.7 eV)
Egan = GaN band-gap energy (3.4 ¢V)
b = bowing parameter (1.4 ¢V)

®y (A) = luminous flux

1 = maximum luminous efficacy (683 ImW 1)
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V (A) = CIE photoptic eye sensitivity function
P (A) = spectral output power
1; = luminous efficacy
P = input power
Q = quality factor
AA = bandwidth
Fp, = Purcell factor
n, = cavity refractive index
Vegr = effective cavity mode volume
AAgsr = free spectral range
Wnin = minimum resolvable linewidth
7. = mask-substrate separation
I(t) = instantaneous intensity
0y = bi-exponential magnitude decay components
Ty = bi-exponential lifetime decay components
kymow = total inorganic multi-quantum well recombination rate
k, = radiative recombination rate
K,r = non-radiative recombination rate
Knyp. = total hybrid organic/inorganic recombination rate
Kkrrer = FRET recombination rate
T = average weighted lifetime
Nrret = FRET efficiency
p = polarisation degree
I,, = total parallel intensity

I, = total perpendicular intensity
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8.2 Appendix 2 - As-Grown Sample Structures

Chapters 4, 5 and 6

A commercial (Arima Optoelectronics Corp.) blue InGaN/GaN LED wafer grown
on c-plane sapphire used in chapters 4 to 6, as demonstrated in Figure 8.1, which

consists:

<+— p-GaN

InGaN/GaN MQW ——»

InGaN pre-layer

- n-GaN

]» GaN nucleation and buffer layer

sapphire substrate

Figure 8.1: Schematic representation of an as-grown blue InGaN/GaN LED wafer

structure grown on c-plane sapphire (not to scale).

* 1 ym n-GaN layer with a thick un-doped GaN buffer on a standard thin low-

temperature GaN nucleation layer (unknown dimension);

100 nm InGaN pre-layer;

160 nm InGaN/GaN MQW active region (unknown period); and

* 230 nm p-GaN capping-layer.
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Chapter 5

A standard five-period InGaN/GaN MQW epi-wafer grown on double-side pol-
ished c-plane sapphire, as shown in Figure 8.2, using an in-situ metal-organic
chemical vapour deposition (MOCVD) system. This structure is used exclusively

in chapter 5 and consists:

InGaN/GaN MQW —— <«—— GaN barrier

GaN capping-layer > ]»

< InGaN QW

<— undoped GaN

« AIN buffer-layer

sapphire substrate

Figure 8.2: Schematic representation of an as-grown five-period InGaN/GaN
MQW wafer structure grown on double-side polished c-plane sapphire (not to

scale).

200 nm high-temperature AIN buffer-layer;

* 1.2 um undoped GaN;

5x 2.5 nm InGaN quantum wells and 10 nm GaN barriers with an ~20 %

indium content; and

* 10 nm GaN capping-layer.
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