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Abstract

This research involved the use of a novel fabrication approach for the development of optical
microcavity devices by heterogeneous integration of various material systems using transfer
printing. Owing to their exceptional ability of light confinement, micro cavities have gathered
a lot of scientific interest both at academic and industry level. The photonic confinement leads
to the modification of the photonic density of states and allows cavity mode coupling with
quasiparticle excitons within the emitter leading to exciting phenomena such as spontaneous
emission rate enhancement, emission spectrum width reduction and radiation spatial
directional re-distribution. Optical microcavities are appealing as they offer the possibility of
controlling light emission and for such specific design conditions need to be followed. The
development of microcavities is usually by monolithic integration of materials using epitaxy,
despite being a relatively old process with numerous benefits, direct epitaxy also present some
challenges and limitations. These include high cost and limitation of types of emitters that can
be integrated into them due to their extreme deposition conditions, scarcity of compatible DBR
material configuration particularly in the GaN material series, and small reflectivity bandwidth
due to the small refractive index contrast for existing compatible DBR configurations. Our new
optical microcavity fabrication approach has as aim of mitigating some of the existing issues
while using standard, simple and less costly processing. Standard dielectric DBRs with large
refractive index contrast (wide reflectivity band gap and low cost PECVD deposition) were
used. The platform involves the anchor undercutting of the DBR into suspended array of DBRS
which can then be transfer printed and integrated heterogeneously in any material system to fit

the reflecting purpose, for optical microcavity applications.

Successful anchor undercutting of DBR coupon array with yield of almost 100% was achieved.
The transfer printing of high quality DBRs was also demonstrated with reflectivity and
bandwidth of 99% and 95nm respectively. Three types of cavity were fabricated (using our
developed platform) and characterised; GaN based RCLED device, light emitting polymer
microcavity and QD microcavity. We demonstrated multiple cavity modes emission for the
incavity RCLED device with the peak mode showing an emission linewidth reduction from
21nm to 3nm from outcavity and incavity devices. The multiple modes are due to the wide
cavity length as the full LED epilayer is transfer printed into the cavity together with adhesion
layers. The device showed high series resistance due to the non-optimised fabrication

processing with turn on voltage of approximately 2.7V. Smaller cavity length were realised for



the FBBT and QD microcavity. F8BT microcavity Purcell effect with a FWHM reduction from
80.6nm to 8.3nm due to the cavity effects was demonstrated. Carrier lifetime reduction of 68%
from non-resonant cavity to resonant cavity was also demonstrated. The QD microcavity
showed high quality factor of 1305 with FWHM reduction from 100nm to 0.4nm due to the
microcavity effects. Power dependent non-linearity measurements were non-conclusive for
lasing claims. Detailed process development including design, fabrication procedures and
characterisation with relevant diagrammatic representations are provided. Discussion of the

results obtained with routes for improvement are also provided.



List of publication

Journal publications

1. P. Bantsi, R. Smith “Development of heterogeneous fabrication approaches for the
fabrication of microcavity devices by transfer printing showing Purcell effect” (in
preparation)

2. P. Bantsi, R. Smith “Fabrication of GaN based RCLED via a Modified Transfer

Printing Technique” (in preparation)

Conference Contributions

1. P.Bantsi, H. Worthy, S. Chen, R. Smith “Anchor undercutting towards high throughput
transfer printing of device size high reflective SiNyx/SiO, DBR for microcavity
applications”, Semiconductor and Integrated Optoelectronics (SOIE) conference April
2022

2. P. Bantsi, H. Worthy, S. Chen, R. Smith “Resonant cavity effects in transfer printed
SiNx/SiO2 DBR microcavities”, UK semiconductors 2022



Table of content

1) Chapter 1 - INTFOTUCTION ......c.viiiiiiiiiite ittt 1
11 107 (T [T £ o] o SRS PR 1
1.2 PIEIACE. . ettt a e 1

121 IVIOTIVALION ... ettt sb ettt bbbt e 1
1.2.2 Current state of art and applications of GaN based microcavities ............cc.ccoevrererenns 2
1.2.3 CUITENt ChallBNGE ... sttt sre e e te e srears 2
1.24 Developed teChNOIOGY......ccciiieiiiece e et re e 3
1.3 History of light sources for illumination — LEDS..........ccccciiiiiiniiniieceees e 4
131 Blue emitting LED historical developments............ccooviiiininineieiecce e 6
1.4 I nitrides emitters’ and resonant cavity devices challenges...........c.cccooveiieniiniiiinicieee, 6
1.4.1 Quantum Confined Stark EFfCt........ccviiiiiiiiiice ettt 6
1.4.2 THE GIEENM GAP .ttt 8
1.4.3 EFfICIENCY OrO0P. ... i et sr e s be e sbeera et nae s 9
1.4.4 Problems associated with Light emitting devices epitaxy ........ccccccvvvvvveveiieivesieeiiesenneas 9
1.5  Optical micro-cavity assembly platform..........ccoeoiiiiiiiii s 12
OGN I 0TSy 301U TSP 13
O B S =) (=T (=7 o= USSP 14

2)  Chapter 2 - BaCKgrOUNG...........cooiiiiiiie e 19

2.1 BUIK SEMICONTUCTON ... .ecvveieiiie sttt esaestaeseenreeneeneenneas 19
2.1.1 Gallium NItride (GaN) ....c.eeiiiiee e sbe e s resraeaesre s 19
2.2 ReCOMDINAIION PrOCESSES ....cvviviiteeiiiteiteeitesteete st et e et esteets e besae et e s besteesbestaesbesbeereesbesreeneeseeans 23
221 Radiative reCOMDINALION .........covviveie e re e seeees 24
2.2.2 Non-radiative reCoOmBDINALION .........cccoii i e 25
2.3 Reflectors and MICIOCAVITIES .........ccuiiiiieiiieieie sttt ettt nee e 26
2.3.1 MELAITIC FEFIECIOIS ... et 27
2.3.2 Distributed Bragg Reflectors (DBRS) .........ccciiiiiiiiiiiiseresesee s 28
2.3.3 Total Internal Reflectors (TIR) ....ooeeiiiiei e 30
2.4 DBR Fabry-Perot MiCrOCAVITIES. ......ccuiieiiiiiie sttt st 30
2.5 LOW diMenSioNal SETUCLUIES ......ocuveiiiieiie ettt sre e sne e e e e 34
251 QUANTUM WEIIS ...t saeereestenre s 36
25.2 QUANTUM AOLS (QD) ... ettt ettt ettt ettt ae e b e seeereenaeeneas 38
2.6 Organic Light Emitting POIYMErS (LEP) .......ccooiiiiiiiiiiiisese st 43
2.7 Light-matter iNtEraCtion .........cccoiiieiiiiiie sttt re et ae s re e 46

Vi



2.7.1 Coupling IN MICIOCAVILY.....cciiieiiciese et resreenaesre s 46

2.8  Light EMIitting DIiOdES (LEDS).......ccueiiiiiiiiiiriiie et 51
28.1 LED FUNCEIONING ©..vvtii et 51
2.8.2 Electrical and optical PrOPertieS.......c.coiiveieieeie i 53
2.8.3 LED fabrication and design CONSIAErations ............ccccvieevieviesieeniese e 56
2.84 Resonant Cavity LEDS (RCLEDS)........cccoiiiiiiiieise e 59

2.9 I =] £ ST TP OT R PURO PR 62
29.1 (O] B I TS TR 63

2.10 Transfer printing technique for micro/nano device assembly and fabrication...................... 65

N B =] (T =T Tor TSR 69

3) Chapter 3 - Experimental teChNIQUES..........ccoiiiiiiiiiiesc e 79

K T0 R 1011 € [FTox o] SO UR PP 79

3.2 Fabrication tEChNIQUES .........oiiiiieeiee e 79
3.2.1 PhOtOlIthOGrapny .....cveiecc e st ee e 79
3.2.2 SPIN COALING .vevveieiteeie e s te et sr e s be et esbeete e besteeseesbeearesreeteeseesres 81
3.2.3 Thermal VAPOTatION .........cciiiieieiei ettt 82
3.24 Dry etching techniques (Reactive lon Etching and Inductively Coupled Plasma
REACtIVE 10N ELCNING)....cviiiiieie ittt r et e sbeere et sae e e sre e 83
3.25 Reactive 10N ELCh (RIE) .......cc.o oottt e 83
3.2.6 Inductively Coupled Plasma Reactive lon Etching (ICPRIE) .......cccccoovviiiiiencniens 84
3.2.7 Plasma Enhanced Vapour Deposition (PECVD) ........ccccccviiiiiniieinieiee e 85
3.2.8 ANGErODIC GIOVE DOX ...viiiiiiiciicec e e e 86
3.2.9 TranSTer PrINTING ..ooveiveeie et resbe e s reeteesteere s 87

3.3 Characterisation tEChNIQUES ..o 90
3.3.1 Confocal photOIUMINESCENCE .......ccuviieiecece et ere s 90
3.3.2 Micro photolumingsCeNCE (UPL).......ccvciiiiiieiccie ettt 92
3.33 Time Resolved Photoluminescence (TRPL) ..o 93
3.34 Electroluminescence (EL) and reflectivity measurement ............ccccceeeviveienescnenienennn, 94
3.35 Scanning Electron MicroSCOPY (SEM) .....ooviiiiiiiiiie e e 96
3.3.6 (0 10T 113 1 YRS 97
3.3.7 EHIIPSOMELIY ...ttt 98

B =] (< =] Tor T SR PSSR 99

4) Chapter 4 - Development of heterogeneous fabrication approaches for the fabrication of
microcavity devices by transfer Printing ..o 101

4.1 1] T [T 4T o TSR 101

4.2 Platform deVelOpMENT ..........ccoi it e 103
4.2.1 PECVD growth 0f DBR......cc.coiiiiiicise e 103
4.2.2 Anchor undercutting of the grown DBR...........cccoiiiiiieiiie e 105

vii



4.2.3 Transfer printing fabrication of the F8BT MiCrocavity..........ccccocveveviviieeicie e, 113

4.3 DBR TefleCtIVITY PIOTS ......eiiiieiie et 124
4.4 PMMA cavity refleCtiVity PIOt........coooviiiiiiii e 126
4.5 CONCIUSION ..ttt s bbb bbbttt et et e e 127
4.6 RETEIBICES. ...ttt bbbt h bbb bbbt R bbb nh et e e 127

5) Chapter 5 - Fabrication of GaN based RCLED via a Modified Transfer Printing Technique
130

5.1 INEFOTUCTION ...ttt bbbttt b bbb bt e ettt ettt bt e enes 130
5.2 LED Epitaxial structure confocal PhotoluminesSCeNCe...........cccevviiievecieie e 132
5.3 LED device fabrication, characterisation and diSCUSSION ..........ccccevvreerenieeiiene e 133
5.3.1 Planar Conventional rectangular (CR) LED ........cccccoiiiiiiiiiiieieceee e 134
5.3.2 Reduced emission area LED (RD LED) ......cccccooveiiiicicii e 152
SRR S o] o] 013 oo ISP 162
ORI =] (=] =1 [0TSR 163
6) Chapter 6 - Transfer printed optical microcavities with active materials..............cc.coc....... 167
6.1 INEFOTUCTION ...ttt ettt ettt bt e st et ettt et st st ne e enes 167
6.2 MiCrocavities FabIICALION ........ccccuiiiiieecice et re e e enes 169
6.2.1 F8BT resonant micro-cavity fabrication by transfer printing ............ccocoveviv i, 169
6.2.2 CsPbBr; perovskite quantum dot micro-cavity fabrication by transfer printing................ 172
6.3 Microcavities characterisations and diSCUSSION ........ccccveieriverieiieiie e 174
6.3.1 F8BT microcavity CharaCteriSation .............cocuieierereiieisceesesie e 174
6.3.2 QD microcavity CharaCteriSation ..........ccccccieeviiiiiiie et re e 183
R O] 3 Tod 1313 o] S PPTSR 187
LRSI R =] (= =1 (00T PR 188
7)  Chapter 7 - CONCIUSION .......ooiiiiiiie ettt ettt e te e be s be e e ste e e e sreares 192
0 R O 1Y =T VT ST 192
7.11 Development of heterogeneous fabrication approaches for the fabrication of
microcavity devices by transfer Printing.........cocoiiiiieiiiee e 192
7.1.2 Fabrication of GaN based RCLED via a Modified Transfer Printing Technique....... 193
7.1.3 Transfer printed optical microcavities with active materials .............ccocooeiiiiinnnenn. 193
7.2 L0 o] TS 194
7.3 R =] =] 0= TSR 195

viii



1) Chapter 1 - Introduction

1.1 Introduction

In this chapter, a general introduction to the thesis context and subject is given. This research
involved the fabrication and characterisation of novel hybrid micro-cavity optoelectronic light
emitting devices using transfer-printing techniques. This include the use of various light
emitting materials such as organic light emitting polymers, quantum dots and inorganic
compound semiconductors. The aims and motivation for the research are discussed together
with the major GaN research challenges. A brief history of light emitting devices with
particular emphasis on GaN based LEDs is given. The chapter ends with a brief depiction of
the new developed micro-assembly platform for simple micro-cavity devices fabrication.

1.2 Preface

1.2.1 Motivation
The importance of light to humankind and society is undeniable, from photosynthesis to

illumination, light serves applications in different areas of communication, energy, education,
health, design, agriculture, sports and more, this account for it having an annual market of a
€350 billion [1]. Conventional lighting sources are the incandescent and florescent light sources.
Incandescent lighting involves the use of filament wire, which glows when heated to produce
light while florescent lighting uses electric field to excite mercury gas in tubes and emitting
UV radiations, which lights phosphor coating in the tubes. These light sources serve their
applications, but have drawback of low conversion efficiencies, 16 Im/W and 105 Lm/W for
incandescent and fluorescent light respectively [2]. Considering that lighting accounts for about
29% of the global electricity usage [3], this implies a lot of energy is wasted. This together with
other non-environmental friendly electricity manufacturing sources (coal, gas and oil)
contributes to the growing world energy crisis and caused climate change hence, the need for
research on new lighting solutions. The advent of solid-state lighting (SSL), which is a form of
lighting by the use of Light Emitting Diodes (LEDs), Organic LEDs (OLEDS) or organic
polymers, provides potential replacement candidates. LEDs are semiconductor based devices
and offer advantages of improved luminous efficiency (three or four times more than
conventional lighting), longer life time (lasting about fifty times more than conventional
lighting), purer light quality, possibility to integrate in smart lighting system, low maintenance

required and flexibility in deployment [4]. The LED’s full potential as light sources could be
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exploited thanks to 2014 Nobel Prize in Physics winners Shuji Nakamura, Hiroshi Amano and
Isamu Akasaki for inventing efficient Gallium nitride based blue emitting LED which led to
bright and effective white emitting LEDs [5].

1.2.2 Current state of art and applications of GaN based microcavities
GaN and other Il nitrides (AIN, InN) are wide bandgap direct semiconductor which have

revolutionised the solid-state optoelectronics industry as emission across the whole visible
spectrum and beyond (that is wavelength between 200nm to 1771nm) is possible using this
material series by alloying and composition changes in the material. Other exceptional GaN
properties include high thermal stability, high chemical stability and high-energy efficiency
therefore, good for the environment [6][7][8]. These account for the high interest in GaN
material series and they already serve in applications such as LED for lighting, Visible Light
Communication (VLC), next generation displays, photodetectors and solar cells, lasers, sensors
[6] [9]. Despite their current exceptional properties, continuous research is still been carried
out to further improve their performance in order to meet the demands. The current growing
trend involves their incorporation into resonant optical microcavities[9] in order to exploit the
novel phenomena arising from the quasiparticle-optical mode coupling enabled by such
structures. Different types of microcavities exist such as DBR, photonic crystal, microdisk and
surface plasmon [10] [11], [12] [13], [14]. Their optical performance improvement is possible
by controlling their emission properties such as spontaneous emission rate, emission spectrum
width and radiation spatial distribution [15] [16]. This have led to the development of novel
important devices such as DBR based Resonant Light emitting Diode (RCLED), DBR based
Vertical Cavity Surface Emitting Laser (VCSEL), surface plasmon enhanced photodetectors,
surface plasmon enhanced LEDs, Whispering gallery microcavity lasers and more. Therefore,
optical microcavities offer the possibility to exploit the full potential of 1l1-Nitride (GaN in

particular) based optoelectronics.

1.2.3 Current Challenge
The ultimate white light source is still a topic of research, current state of art involves the use

of blue emitting InGaN/GaN LEDs to radiatively pump and down convert another
fluorophore(s) [4]. Example of such fluorophores include organic light emitting polymers and
quantum dots. These materials have the ability to emit photons of specific energy upon
excitation (optical or electrical). They are characterised by their absorption and emission peak
wavelengths, quantum yield and photo stability. Numerous development in material science

has paved the way for various good performing organic polymers and quantum dots materials.



Optical micro-cavities are optical structures providing optical confinement and resonance, this
allows the control of the emission [16] [17] [18]. This have been key in the understanding of
fundamental physics of light matter interaction [16] [17] [18] and in the development of novel
light emitting devices such as resonant cavity LEDs (RCLEDs) [19] [20] [21], Lasers [22] [23]
and potentially threshold-less lasers [24] [25]. Planar optical micro-cavities are the most
popular ones thanks to the ease of fabrication. They consist of two spaced high reflective
mirrors (distributed Bragg Reflectors DBRs commonly used). DBRs are a type of reflectors
consisting of alternating layers of high and low refractive index material leading to selective
high reflectivity along the spectrum [22]. One of the critical conditions to be fulfilled is having
cavity length comparable to the emission wavelength [17] [18] to ensure resonance. This means
submicron dimensions are required for visible emission wavelengths. Current state of art
optical micro-cavities are fabricated by epitaxy as developments in epitaxial processes such as
Molecular Beam epitaxy (MBE) and Metal Organic Chemical Vapour Deposition (MOCVD)
led to possibility of good quality thin film deposition. Despite offering advantage of in situ
device growth with possibility of electrical injection, epitaxial grown GaN based optical micro
cavities offer drawbacks of severe growth conditions of very high temperatures (up to 1000 °C)
and low pressures hindering the incorporation of certain emitting materials (organics and
certain QDs) who cannot survive such conditions. High cost processeing limiting their wide
spread development. Also, DBRs (which are major components of optical micro-cavities)
grown by epitaxy present some limits of lack of material configuration options for the DBRs,
low refractive index contrast between existing DBR material configurations leading to small
reflectivity bandwidth. Due to the nature of deposition, there also exist non-compatibility issues
resulting from lattice mismatch between various DBR material configurations (AIN/GaN DBR
for example) and between DBRs-active layers leading to defects (non-radiative recombination

centres). This explain the need for a new platform which mitigate these issues

1.2.4 Developed technology
Photonic devices usually involve epilayers on top of a substrate solely serving a mechanical

role, for this reason, the possibility of transferring optimised functional epilayer onto new
layers presents an attractive way to integrate materials and devices into new configurations for
improving their performances. Layers transfer have been realised over the years using methods
such as wafer bonding followed by substrate removal and epitaxial lift off [1]. These are usually
costly and challenging as different materials have different optimal device structure [26]. A

new micro-assembly technique allowing manipulation and transfer of small dimension thin



layers materials in a parallel configuration with micron scale precision of placement was
developed, this technique is called transfer printing [27] [1]. Using this technique, a material
layer can be transferred from its original substrate to a new target substrate, this usually first
involves the separation of the material from its original substrate. This is achieved using
relevant selective etching methods [28]. Transfer printing offers the advantage of parallel stamp
pick and printing leading to high yield and different sorts of materials (metals, colloids, organic
materials, inorganic materials and more) with different geometries (quantum dots, nanowires,
thin films, platelets and more) can be transferred onto a broad range of architectures as required
by the application [27]. A new low cost platform using simple fabrication techniques was
developed for the assembly of hybrid micro-cavity devices with the aim of mitigating
challenges encountered by current used methods mentioned earlier. This platform involved
anchor undercutting followed by transfer printing of the materials as stacks to form high quality
factor optical micro-cavities. This has the potential of improving light emitting devices

performance.

1.3 History of light sources for illumination — LEDs

Before the advent of electricity, fire was the main source of artificial light. It was made in
different form for transportation purposes such as candles, torch, oil lamp and gas lamp. Since
then, better quality and brighter light sources have been a major topic of interest. The first gas
lighting device was developed in the 1800s, in 1809, Sir Humphry Davy developed the first
carbon arc lamp which was powered by a basic battery which didn’t lasted long [29] [30].
Many developments were done in the late 1800s including Thomas Edison buying the early
incandescent lamp patent and developing the carbonized bamboo filament based incandescent
lamp capable for lasting 1200 hours. The first tungsten filament lamp was developed by
William Coolidge in 1911 but it wasn’t until 1925 that the current design consisting of twisted
filament and inert gas filled interior silica coated clear glass was developed [30]. Its working
principle involves passing an electrical current through the filament, the filament then glow
because of the resistive heating. Halogen lamps came into existence in the 1950s thanks to
scientists working at GE, these are similar to incandescent lamps but with some halogen (iodine,
bromine) added to it. The first fluorescent lamp was developed in 1976, it involved a glass
coated with fluorescent material and filled with low pressure mercury gas which get ionised
creating a plasma, the fluorescent material glow when struck by the plasma particle producing
light [29] [30]. As lighting accounts for up to 29% of the global electricity consumption [3], it

IS very important to develop new lighting sources which are more energy efficient and green
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in order to reduce energy wastage and carbon emission. Solid-state lighting appears to be the
ideal replacement as shown in figure 1.1 showing the evolution and prediction of different light
sources luminous efficacy over the years [31] . The figure shows a sharp rise in LEDs efficacies
above all other sources with projections of continuous increase in the future. LEDs in general
have greater efficiencies compared to traditional lighting sources (incandescent and
fluorescent), that is more than 10 times and offer greater lifetime of about 50000 hours [31].
They produce purer emissions (smaller emission linewidth) and serve many applications in
addition to illumination such as screen display technology, communication technology, traffic
lights and more.

200 2
=—m==Linear flourescent

=-m=High wattage

= ow wattage

=== Incadescent

150 < (=-#==Halogen

==#- Compact Fluorescent f
White LED lamp ]

Luminous efficacy (Lumens/Watt)

2020

Figure 1.1 Plot of luminous efficacies evolution over the years for various light sources, adapted from
[31]

The first discovery of emission from an inorganic material as a result of a potential applied
across was shown in 1907 by English scientist Henry Joseph Round, since then multiple
developments were made in the development of LEDs emitting in the yellow to red range of
the spectrum [32]. This include development of the red emitting GaAsP LED in 1962 [33] and
the AlInGaP Led system in the 1980s [32]. In the 1970s, LED found application in display
lights and electrical indicators and at this period, they were mainly phosphide semiconductor
based diodes. One particular colour was missing, that is the blue for white light generation.
This was developed by 2014 Nobel prize in Physics winners Isamu Akasaki, Hiroshi Amano



and Shuji Nakamura “for the invention of efficient blue light-emitting diodes which has

enabled bright and energy saving white light sources” [34], based on GaN.

1.3.1 Blue emitting LED historical developments

The development of blue emitting LED was a key breakthrough that permitted the full
exploitation of solid-state lighting. These LEDs are made from the nitride system (GaN, AIN
and InN) and expanded LED emission to the blue and green region of the spectrum. They are
also essential in white emitting LEDs. As GaN is not a naturally occurring semiconductor, it
needs to be synthesised. The first GaN crystal was grown in 1969 via chemical vapour
deposition [32]. Finding the appropriate substrate for GaN growth has been a challenge due to
lattice mismatch issues leading to cracks in the epilayer. It was not until 1986 that Amano et al
[32] demonstrated a crack free GaN film on sapphire substrate using an AIN buffer layer. In
addition, Nakamura et al [35] showed that growing first a 20nm GaN buffer layer at low
temperature of 500°C before growing the main GaN could also have the same effect of reducing
the cracks. Another challenge in GaN based LEDs is the conductivity of Mg doped P-type GaN.
It was showed in 1989 again by Amano et al [36] that irradiating the layer with electron beams
tends to activate the P-type layer conductivity. Heating the P-type GaN could also activate the
layer making it more conductive, this was showed in 1992 by Nakamura et al [37]. This paved
the way for GaN based PN- junction development. In 1993, the first blue emitting LED was
presented by Nakamura et al [38], the LED active region was made of a double hetero-structure.
White light generation using LEDs became a possibility and 2 years later in 1997 the first white
light emitting LED was presented again by Nakamura et al [39]. Their structure involved the

use of a blue LED exciting a yellow phosphor to emit apparent white light.

1.4 III nitrides emitters’ and resonant cavity devices challenges

Over the past decade, interest in GaN material series for opto-electronic devices has increased.
This is thanks to numerous pioneering work in the field especially the development of the first
blue emitting LED by professors Nakamura, Amano and Akasaki. This is shown by the high
increase in publications in the subject over the years [40]. Despite all the innovations, there are

still some challenges that need to be overcome. This section depicts some of these

1.4.1 Quantum Confined Stark Effect

I11 nitrides tend to crystallise naturally as Wurtzite crystals, this leads to spontaneous polarised
crystals when grown along the C-plane of the lattice due to the lack of symmetry in the ions
(see section 1.4.4). Extra strain on the lattice will cause further separation of the ions leading

6



to an increase in polarisation hence, piezoelectric effect [32]. The strain is usually because of
difference in lattice mismatch and thermal expansion coefficient between the grown layers and
the substrate. GaN/InGaN QW are widely used in optoelectronics applications especially as
active regions in blue and violet emitters. InGaN having a larger lattice constant compared to
GaN will strain GaN layer, the differences in polarity between the well (InGaN) and barrier
(GaN) will create an electric field across the QW. This difference is further increased with
more indium incorporation in the InGaN. This will have an effect of tilting the bands and
separating the electron and hole wave functions as shown in figure 1.2 (b). This is called the
Quantum Confined Stark Effect (QCSE) [41] [42] [43]. The band tilting reduces the overlap
between electrons and holes in conduction and valence bands respectively, hence reducing
radiative recombination. Also, the quantum well emitted photon energy will be reduced (red
shifted) as the effective band is reduced as shown in figure 1.2 (c)

GaN InGaN GaN GaN InGaN GaN
Ec \ l\ Ee
] Electron wave
function
Eg Ee
Hole wave
function
_— Ev
\] \ EV
a) b)

Figure 1.2 Quantum confined stark effect band structure illustration on GaN/InGaN quantum wells (a)

with no electric field, (b) with electric field (from strained piezoelectric GaN)

The QCSE was studied by multiple groups [41] [43] it should also be noted that there are other
phenomenon that can generate an electric field across the QW which might also cause QCSE
for example increased carrier injection (optical, electrical, doping) [44], [45]. Despite the
detrimental effects of QCSE, most GaN epitaxial growths still take place along the c-axis on
sapphire and not along nonpolar axis (a-axis, m-axis) or semi-polar axis [46] [47] [48]. This is
mainly due to three main reasons; poor indium incorporation for InGaN grown along non-polar
and semi-polar axis compared to c-axis growth, incorporations 2 to 3 times lower were reported
[49]. High defect density when grown along other axis compared to the c-axis [50] and for
emission wavelengths greater than 400nm there is a dramatic decrease in emitted output power

for devices employing nonpolar axis grown GaN [49]. Native GaN substrate can be used as



substrate to lower defect density along non-polar axis but they are scarce and expensive for
common use. This is because they have high melting point and dissociation pressures of
approximately 2800K and 40kbar respectively therefore, cannot be grown from stoichiometric
melts via Czochralski methods [32]

1.4.2 The Green gap

Despite all advancement done involving LED research, there still exist a problem of differences
in efficiencies for different types of LEDs, the so-called “green gap” [51]. This can be described
as a decrease in LED efficiency as emission wavelength approaches the green region of the
spectrum. This decrease is seen in nitrides and phosphide based LEDs. In the case of
phosphides, for shorter emission wavelengths (less than 600nm), the semiconductor tend to
transition from direct to indirect semiconductors hence, the drop in efficiency [32]. In the case
of nitrides, the drop in efficiency is still a debate, but could be attributed to the existing
miscibility gap between GaN and InN and increased strain effects due to increased indium
incorporation. This leads to strain polarisation QCSE described above, this is amplified with
more indium incorporation (shifting towards longer wavelengths) [52]. This problem is
important as it affects the development of the ultimate white light source that is, white light
generation by combination of Red, Green and Blue LEDs (RGB technology). Figure 1.3 depicts

the efficiency decrease green gap phenomenon.
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Figure 1.3 plot of external quantum efficiency against emission wavelength for various LEDs
showing the green gap effect around the green region, luminous eye response also shown for
comparison, adapted from [51]

1.4.3 Efficiency droop

During Il nitride based LED operation, increase in drive current leads to decrease in the device
efficiency. This is another puzzle associated with LED operation and is called the efficiency
droop [53]. This is problematic as efficiency droops of up to 50% are possible. The source of
the efficiency droop is still a scientific research mystery. Possible causes include Auger
recombination [54] [55] that is, a non-radiative recombination were the excess energy from
recombination leads to either excitation of electrons higher up the conduction band or holes
further down the valence band. This type of recombination occurs more with higher carrier
density and temperatures. Other possible causes of the efficiency droop are increase in other
non-radiative recombination processes due to heating, carrier leakage [56] [57], built in electric
field across the junction leading to more polarisation [58], carrier delocalisation as a result of
high current density [59].

1.4.4 Problems associated with Light emitting devices epitaxy

In this section, the challenges associated to the epitaxial growth of GaN based light emitting
devices layers in the making of the device will be discussed. This include lack of lattice match

substrates for growth and challenge of achieving P-type doped GaN.
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1.4.4.1 Challenge in GaN based light emitting devices growth

GaN is usually synthesised via epitaxial growth methods such MOCVD (Metalorganic
Chemical Vapour Deposition), also commonly called MOVPE (Metalorganic Vapour Phase
Epitaxy). Hence the need of a convenient (lattice matched) substrate for growth. Unfortunately,
bulk GaN substrate are not easy to produce by stoichiometric melts (Czoxhralski method) due
to their high dissociating pressure 40kbar and melting temperatures 2800K [47]. One way of
making them is via Hydride VVapour Phase Epitaxy (HVPE) technique. This involves deposition
of 300um GaN on sapphire substrate using GaCl and NH3 [60] followed by laser lift up or any
other technique to remove the sapphire substrate [61]. This process is expensive and has
numerous problems associated with it such as bowing and cracking, so for this reason, free

standing GaN substrate is not widely used.

The substrate used for GaN growth affects the film morphology, defect density, strain and
crystallographic orientation [32]. Commonly used substrates are sapphire and silicon carbide
(SiC). Sapphire and SiC offer lattice mismatch of 16% and 3.4% respectively [62], sapphire
also has a thermal expansion difference of 25.5% compared to that of GaN but sapphire is more
commonly used as it’s less expensive than SiC. A 2-inch SiC wafer can cost around $1000
hence not popular [63]. Si wafers thanks to their low cost (8 inch wafer can cost about $40),
large availability in large diameters and compatibility with current electronic processing have
also been investigated as potential substrates [32]. Si has a lattice mismatch of 17% with GaN
[60] and an even higher thermal expansion difference when compared to sapphire hence
yielding a less good quality GaN epilayer but Si could provide other specific advantages

abundance wafers at relatively low cost and compatibility with existing processing lines.

Sapphire usage as a substrate involves the growth of a buffer layer (AIN and GaN as examples)
prior to the GaN epilayer growth. This is to minimise defects in the GaN epilayer. These defects
acts as non-radiative recombination centres and tend to reduce the quantum efficiency of the
end device. Due to the large lattice mismatch, GaN grown on sapphire offer threading
dislocation density of about 108 cm™. Their device based on such configuration still shows
good performance thanks to the localisation energy effect, which prevents carrier diffusion to
the non-radiative recombination centres [64] [65] [66] [67]. It should also be noted that GaN
is usually grown along its c-plane [0001] (polar plane) rather than other semi and non-polar
planes [1-100], [11-20] and [11-22] respectively even though the polar planes provide more

polarisation (higher QCSE). This is done because semi-polar and non-polar planes yield higher
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defects densities [50] and lower indium incorporation for InGaN growth [49], hence not

suitable for light emitting devices GaN growth

1.4.4.2 Challenge of achieving P-type doped GaN

P-type doping of GaN has always been a challenge for GaN based light emitting devices. Mg
is commonly used as the P-type dopant and is usually made inactive due to two different
processes. Both MOCVD and HVPE chambers are rich in hydrogen, this leads to the formation
of Mg-H complexes, which are inactive complexes [32]. In addition, Mg have low acceptor
states between 160 to 200 meV above the valence band [68] hence a large proportion are
inactive at room temperature. These two processes leads to low conductivity of P typed GaN.
Thanks to developments in epitaxial growth, the issues could be resolved. The Mg-H complex
issue can be solved by annealing at temperatures of 700 °C in nitrogen rich atmosphere [69]
[37] electron irradiation also helps in reactivating the Mg. This solution led to considerable
increase in carrier distribution in p-type GaN though they are still orders of magnitude less than

the n-type counterpart.

1.4.4.3 Challenge in assembling microcavity light emitting devices

Microcavity devices refer to optical structures used to confine light thanks to the multiple
reflection happening within the structure [72]. They employ reflectors as major components to
enable feedback within the structure. These structures are also sometimes called resonant
cavities or quantum microcavities [18]. Example of such devices include lasers, RCLEDs,
optical filters and anti-reflective coating. Good quality reflectors are required having properties
of high peak reflectivity, broad reflectivity stop band, omni-directionality and low electrical
resistance for electrically injected devices [73]. Many different reflectors exists such as metallic
mirrors, Distributed Bragg Reflectors (DBRs), hybrid metallic DBRs and Total Internal
Reflectors (TIR) [73]. Out of all, DBRs are usually preferred as they offer very high peak
reflectivity (99.99% can be reached), selective reflectivity along the spectrum, easy
controllability on the reflectivity peak value, stop bandwidth, and wide range of material
configurations. Three major types of DBRs exist air gap based, epitaxial and dielectric DBRs.

They all offer advantages and disadvantages as discussed below

Epitaxial grown DBR is a well-established process and usually involves the use of costly, high
vacuum epitaxial process MOCVD (Metal Organic Chemical Vapour Deposition) and MBE
(Molecular Beam Epitaxy) using costly precursor materials. DBRs grown this way offer

advantages of ease of fabrication (as the full device stack including the active region can be
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grown in situ) and good electrical and thermal conductivity [22] for electrical current injection
and heat dissipation. However, there is a limit of the materials configuration available offering
good lattice matching, a good example is the AIN/GaN epitaxy DBR forming cracks (non-
radiative recombination centres) in the device. The concept of buffer layer is usually used to
reduce the defects and allow some configurations to be used such as AlINN/GaN. In addition,
the available material configurations usually have small refractive index contrast hence smaller
stop bandwidth (fine-tuning is required) and more layer pairs are required to achieve high
reflectivity [22]. An example is GaN/AIN with refractive index contrast of 0.08.

Dielectric DBRs are grown using less costly and conventional techniques such as sputtering
and Plasma Enhanced Chemical Vapour Deposition (PECVD). Dielectric materials tend to
have very low electrical and thermal conductivity. However, dielectric DBRs offer higher
refractive index contrast compared to epitaxial ones, hence lower number of layer pairs
required to achieve a high reflectivity peak wider stop bandwidth and wider emitting range.

Dielectric DBRs also have much more material configurations, which are compatible [22].

Air gap DBR generally involved epitaxial grown DBR followed electrochemical etching of
one of the layers leading to porous layer. The porous layer account for the air gap with very
low refractive index of one. For this reason, the refractive index contrast of air gap DBRS is
usually high. Hence, lower number of pairs are required and stop bandwidth is high but the
compatibility issues and lack of available compatible material configuration exist still. In

addition to that, their thermal and electrical conductivity is drastically reduced due to the air
gap [22].

1.5 Optical micro-cavity assembly platform

Our platform involves the use of conventional dielectric SiN«/SiO, DBRs. Compared to their
epitaxial grown counterpart, dielectrics DBRs offer advantages of higher refractive index
contrast of about 0.54 in the visible spectrum range. Hence, they have a wider stop band
(meaning fine-tuning is less critical and wider range of emitters can be used as active layer in
a set of cavity) and fewer pairs are required to achieve high reflectivity peak. In addition, they
can be grown using less costly growth technique such as Plasma Enhanced Chemical Vapour
Deposition (PECVD). Unfortunately, the growth conditions (temperatures of about 300°C) are
still severe for some of the active layers such as organic polymers for example hence preventing
the in situ incorporation of the active materials during growth. Our platform mitigate that by

implementing the heterogeneous assembly of the individual elements forming the cavity by
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transfer printing. The high reflectivity SiNx/SiO> DBRs are first grown on Si (111) wafer
substrate next, the DBRs are patterned via lithography, metallisation masking and Reactive lon
Etching (RIE, to expose the silicon substrate vertices) into arrays of coupons attached to
anchors by tethers. The anchors are aligned to be parallel to the <110> orientation direction.
Owing to the much larger Si KOH etch rate (100x) along the [110] plane compared to [111]
plane, the DBR coupons only (not the anchors) could be undercut by KOH wet etch
(anisotropic etch) [74] [75] . The result is freely suspended DBR coupons attached to anchors
via tethers hence, anchor undercutting. These can then be transfer printed as stacks to sandwich
a pre deposited emitting layer(s). The active layer deposited by simple spin coating, drop
casting and even transfer printing depending on their morphology. This platform offer the
possibility of high yield and throughput in micro-cavities fabrication as the transfer printing of
multiple coupons can be done in parallel. In addition, lattice matching between grown layers,
which is a key requirement (and the source of many defects) in epitaxial grown micro-cavities,
is eliminated using this platform. Therefore, offering the potential for better quality micro-

cavities.

1.6 Thesis outline
The report starts with a general abstract providing a general summary of the report, research

undertaken, key findings with brief discussions. Then, the introduction chapter introduces the
subject including motivation, current state of art, challenges and planned solutions related to
the research. The background chapter follows the introduction, here, detailed relevant literature
and theory is presented. All used laboratory equipment and techniques in the undertaking of
the research are provided in the experimental techniques chapter. The first research result
chapter is Chapter 4. In this chapter, the detailed processing description of the novel platform
development for the heterogenous integration of GaN based emitters and other active emitters
in optical microcavities by transfer printing is provided with results obtained and discussions.
In Chapter 5, an actual functioning electrical injected optical microcavity device, the RCLED
is fabricated using our developed platform via transfer printing. Detailed device fabrication and
characterisation are also provided. Two different kinds of active material light emitting organic
polymer F8BT and nanocrystal colloidal quantum dots (CQD) were also fabricated using our
developed platform, their processing and characterisation are presented in Chapter 6. The
report ends with the conclusion and future works chapter were a summary of the research is

provided with key results and suggestions for future work improvements
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2) Chapter 2 - Background

2.1 Bulk semiconductor

Three major materials types can be identified based on their electronic properties, which are
determined by the materials electronic band structures and carrier’s distribution. These types
include conductors, insulators and semiconductors. Conductors have highest conductivity
followed by semiconductors and insulators. In conductors, the valence band and conduction
band overlap, making conduction band partially filled with electrons, which can be displaced
to new free states by an applied external bias. This accounts for conductor’s good electrical
conductivity. Insulators on the other hand have a large energy barrier (band gap) separating the
conduction band from the valence band therefore, limiting the opportunity for the electron to
occupy new states required for conduction. Finally, a semiconductor band structure consists of
a band gap also separating the conduction from the valence band but in this case, the gap is
much narrower compared to that in insulators. This makes it possible for electrons in the
valence band to be excited to the conduction band when the required amount of energy is
supplied to the system (minimum the band gap energy). In addition, the conductivity of
semiconductors can be varied upon doping the materials. Leading to n-type semiconductors
(extra electrons) and p-type semiconductors (extra holes) when doped with donor and acceptor
materials respectively. This accounts for the attractiveness of semiconductors in electronics
applications. Many different semiconductor materials exist with individual benefits, below is a
discussion on GaN, which offers amazing properties for optical applications and the main

semiconductor material in this research.

2.1.1 Gallium Nitride (GaN)

GaN belongs to a group of compound semiconductor materials known as I1-nitrides; they have
been attractive in the past decade due to their exceptional electrical and optical properties,
direct wide band gap, good thermal and electrical conductivity, and large breakdown voltage.
Other IlI-nitrides include binary (AIN), ternary alloys (AlGaN, InGaN) and quaternary alloy
(AlGalnN). They are all direct wide bandgap semiconductors and one of their key strengths is
the possibility for their alloys energy bandgaps to be tuned continuously to cover the whole
visible spectrum and beyond, from infrared up to the UV [1]. This can be seen in figure 2.1
showing bandgap energy against chemical bond length plot for GaN semiconductor systems
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Figure 2.1 Bandgap energy against lattice constant (a) for various I11-V compound semiconductors,
adapted from [1]

Properties GaN AIN InN
Bandgap (eV) 3.39 6.2 0.7
Density (g/cm?®) 6.10 3.26 6.99
Bond length (A) 1.94 1.89 2.15
Melting point (°C) >2500 >3000 >1100
lattice parameter a | 3.189 3.112 3.545
(A)

lattice parameter c¢ | 5.185 4.982 5.703
(A)

Table 2.1 Physical properties of 111 nitrides, data obtained from [1] [2]

GaN has properties of thermal and chemical stability hence their use also in applications
requiring harsh condition resistance. Table 2.1 summarises the physical properties of all binary

1 nitrides.
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2.1.1.1 Crystal lattice

GaN just like other Il nitrides can exist as in three different structures Wurtzite (hexagonal),
zincblende (cubic) and rocksalt [3]. Wurtzite is the most thermodynamically stable of all under
standard conditions hence, the most favoured structure. Wurtzite is composed of unit cell
hexagonal in shape [5] [6] hence, has two lattice parameter a and ¢ as shown in figure 2.2. Its
unit cell is made up of Ga atom tetrahedrally bonded to four N atoms. As the two elements has
different electronegativity, their bonding will be partially ionic bond. The ionic bonding
together with the non-centro symmetry of the lattice along the ¢ axis accounts for the
spontaneous polarisation properties of GaN [4]. This spontaneous polarisation represents the

base of the GaN piezoelectric properties.

C-plane

a D-'ane

C lattice parameter

/.—-—-—-——

L

-
a i aramet
lattice parametgr

Figure 2.2 Schematic representation of C and a planes on IlI-nitride wurtzite crystal structure, adapted
from [5]

2.1.1.2 Crystal growth

GaN is not a natural occurring semiconductor; it is usually obtained through chemical reaction.
Two major processes are industry standards Metal-Organic Chemical Vapour Deposition
(MOCVD) and Molecular Beam Epitaxy (MBE). The principal objective of these processes is
to allow thin and very high purity layer growth. The growth process is critical as it determines
the layer defect density, crystal orientation, intrinsic strain and surface morphology [4]. GaN
growth in early days presented two major challenges lack of adequate substrate [6] and poor p-

type GaN growth [7].
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The lack of substrates with good lattice matching for GaN hetero-epitaxy and high cost of bulk
GaN substrates has hindered high quality GaN layer growth. This lattice mismatch leads to
threading dislocation development in the layer which act as non-radiative recombination
centres [7]. Sapphire is the most widely used GaN epitaxy substrate, despite having a lattice
mismatch of about 16%, useful GaN layer can be grown thanks to notable developments in
growth techniques over the years. One method involves nucleation layer deposition [7], island
formation and coalescence [7]. Threading dislocations can be reduced from 5x10° cm to 5x108

cm2 and even 1x108 cm™ by using multiple SiNx interlayer between GaN grown layers[4].

P-type GaN growth has always presented challenges compared to the n-type counterpart. Si is
usually used as donor for n-type GaN and Mg as acceptors for p-type GaN [8]. The low
concentration of holes is mainly due to two reasons formation of inactive Mg-Hydrogen during
growth and deep acceptor states at about 200 meV hence, little to no room temperature
activation [9]. The first issue is addressed by heating the layer in nitrogen rich atmosphere at
temperatures greater than 700 °C to break the Mg-H complex bond [9]. Irradiating the layer
with a beam of electrons can also be used [10].

2.1.1.3 Electrical and optical properties

Optical absorption occurs when an incident photon with energy hf > Eg (semiconductor
bandgap). This will have the effect of exciting an electron and promoting it from the valence
band to the conduction band leaving a hole in the valence band. The coulombic interactions
between the carriers leads to the formation of a quasi-particle electron-hole pair known as an
exciton [11]. An exciton can be compared to a hydrogen atom and is usually described using
the Bohr model with characteristic Bohr radius and binding energy. Two major types of exciton
exist Wannier-Mott excitons and Frenkel excitons also referred to as free and bound excitons
respectively. Wannier-Mott excitons tend to occur mostly in semiconductor crystals, the Bohr
radius is greater than the lattice constant and the binding energy (Eb) of the electron hole pair

is given by equation 2.1

E,= —L 35 (2.1)

Where, miglz = exciton Rydberg constant, Ry, = Rydberg constant (13.61 eV) and n = quantum
0 ¢r

number.

The exciton stability is determined by its binding energy compared to ambient energy. A higher

ambient energy compared to the exciton binding energy will cause the exciton to dissociate
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into electron and holes and prevent exciton abilities to be exploited; this is the case in GaAs
requiring cryogenic temperatures to witness excitonic properties as it has binding energy of
only 8meV. GaN exciton has binding energy of around 26 meV hence, stable at room

temperature [12]. The exciton dipole separation (r;,) can be calculated using equation 2.2

T = % & nlay (2.2)
Where, % &-ay = exciton Bohr radius and ay = hydrogen atom Bohr radius

2.2 Recombination processes

The recombination of electron and holes carriers can yield two different outcomes, radiative
emission of photons or non-radiative recombination (phonon emission and hence temperature
increase). The two outcomes are competitive with the radiative option preferred. At equilibrium,
the law of mass action determines the relation between the carriers shown in equation 2.3 below.
Upon excitation (optical or electrical), excess carriers are generated yielding equations 2.4 and
2.5[13]

No.-Po = nlz (2.3)
n=ng+ 4n (2.4)
p=po+ 4p (2.5)

Where, no = equilibrium electron concentration, po = equilibrium holes concentration, n; =
intrinsic carrier concentration, An = excess electrons concentration, Ap = excess holes

concentration

The excess electron are promoted to the conduction band of the energy band. The
recombination process probability is proportional to both excess carrier concentration. Hence,

the recombination rate is given by bimolecular rate equation 2.6 [13]
R = Bnp (2.6)

Where B, n and p are the bimolecular recombination coefficient, electron concentration, holes

concentration respectively.
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Under low-level pulse excitation, the generated excess carrier population decays exponentially

and are given by equations 2.7 and 2.8

-t
Ap(t) = Ape~ (2.7)
-t
An(t) = Ane~ (2.8)
1
t= B(no+po) (2.9)

Where 7 is the time constant

2.2.1 Radiative recombination

Recombination is governed by optical transitions within the material energy bands. Albert
Einstein was the first to propose such theory in his Einstein model. Three main processes
involved Stimulated absorption, spontaneous emission and stimulated emission [14] as
illustrated in figure 2.3. In stimulated absorption, a photon is absorbed by the material causing
an electron transition from the valence band to the conduction band leaving a hole behind. The
photon energy must match or be larger than the material’s energy band gap in order to cause
the transition. This is illustrated in figure 2.3 (b) . In the case of spontaneous emission, the
unstable promoted electron in the conduction band randomly transitions back to the valence
band where it recombines with the hole, the transition causes release of the lost energy in the
form of a photon. The emitted photon energy corresponds to the electron transition energy
(material’s band gap energy). This is illustrated in figure 2.3 (a). In stimulated emission, the
transition of the excited electron from the conduction band to valence band is induced or
provoked by an external stimulus, a photon. Therefore, the stimulated emission transition rate
is directly proportional to the triggering photon density. Stimulated emission photons share
multiple properties such as wavelength, phase, direction and intensity amplification, which

serve in lasing [15]. Stimulated emission is illustrated in figure 2.3 (c)
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Figure 2.3 radiative processes a) spontaneous emission b) induced absorption c) stimulated emission

2.2.2 Non-radiative recombination
Here, the excess energy obtained from the carrier recombination is released as lattice
vibrational energy, common referred to as a phonon. Various mechanisms can account for this

non-radiative recombination effect such as;

Deep levels refers to energy levels, which occur near the material’s band gap centre. They
originate from impurities or defects present in the lattice and are effective non-radiative
recombination centres. This illustrated in figure 2.4 (a). It should be noted that according to the
Shockley-Read model, deep level recombination increases with increasing temperature [13].
Some deep level transition leads to radiative recombination, a good example is the point defect

n-GaN broad deep level emission at 550nm wavelength [16].

Auger recombination is another non-radiative recombination mechanism where by the excess
energy from the recombination causes an excitation of an electron further up in the conduction
band or holes further down in the valence band, this is shown in figure 2.4 (b). The further
excited carrier will eventually lose its excess energy to multiple phonon excitations and reach
the band edge [13]. During high excitation, the Auger recombination rate (Rauger) Can be

calculated using equation 2.10
Riuger = Cn (2.10)
Where C is the Auger coefficient (between 102 — 102° cm®/s for 111-V semiconductors) [17].

Because of the high dependent of Rauger 0N the carrier concentration as shown in equation 2.10,

it is negligible for low-level excitation where carrier concentration is low.
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Figure 2.4 illustration of non-radiative processes a) due to deep levels b) due to Auger recombination,
adapted from [13]

Surface state recombination is another non-radiative mechanism. Abrupt halt in the crystal
periodicity of the material at the surface leads to unfilled orbitals and dangling bonds at this
surface. This causes band gap modifications as unpredictable surface reconstruction may occur
leading to multiple electronic states within the band gap at the surface. These surface states are
effective non-radiative recombination states. As discussed, non-radiative recombination
processes are not desirable for high efficiencies but cannot fully be eliminated. However, they

can be minimised using some design strategies as discussed in section 2.8.3

2.3 Reflectors and microcavities

Reflectors are major components in optoelectronics microcavity devices as they help in
optical confinement required for the optimal operation of such devices. Important resonant
cavity effects can be observed and studied with such microcavities depending on the
microcavity’s quality factor that is how good the cavity is at preventing the dissipation of light.
Some of these phenomena are enhanced and amplified spontaneous emission [18] [19], lasing
[15], energy transfer beyond Forster limit [20] and more. Microcavity devices need reflectors
satisfying a specific set of criteria such as high reflectivity, low electrical resistivity (for those
that require charge transfer across), broad reflectivity linewidth and omni-directionality. For
this purpose, different types of reflectors exists such as metallic reflectors, Distributed Bragg
reflectors (DBRs), hybrid reflectors and Total Internal Reflector (TIR). They all have their
advantages and disadvantages and the choice depends on the selected application. Below is an

overview of the most commonly used reflectors for microcavity devices.
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2.3.1 Metallic reflectors

These are the oldest type of reflectors, as the name implies they employ the metal-air/ metal-
semiconductor interface to perform reflection. Metallic reflectors are characterised by their
high and broad reflectivity spectrum with little incidence angular dependence. Metallic
reflectors reflectance can be calculated using equation 2.11 [21]. As it can be seen, it is highly
dependent on the refractive index contrast of the media, for this reason, metal-air mirrors have
higher reflectance than metal-semiconductor ones (approximately 98.5% for Ag-air and 95%
for Ag/GaAs mirror).

_ Er _
r—Ei—(

Ni—N;

)2 (2.11)

Where, N1 and N2 are complex refractive index of the materials used (metal and other media)

Another advantage of metallic reflectors is that they are simple to fabricate compared to other
mirror types but they are also very lossy. Losses of 5% can be approximated from a single
reflection event. In addition, metallic mirrors with thickness greater than 50nm provide nearly
zero transmission hence cannot be used as exit mirrors, thinner metallic mirrors suffer from
island deposition and potential high electrical resistance [21]. The reflectance band of a silver

mirror is shown in figure 2.5, showing lower reflectance for Ag-GaAs compared to the Ag-air
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Figure 2.5 Reflectance spectrum (normal incidence) of metallic mirrors Ag/Air showing a high
reflectance of 98.5% , adapted from [21]
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2.3.2 Distributed Bragg Reflectors (DBRs)

DBRs are types of reflectors consisting of many layers of alternating refractive index materials.
In contrast to metallic reflectors discussed above, DBRs reflectivity stop band (that is region
of high reflectivity along the spectrum) is narrow and the peak reflectivity and stop band are
controllable with reflectivity up to 99.99% achievable [21]. The working mechanism involves
multiple Fresnel reflections at the material interface which constructively interfere and for this,

specific conditions are required as depicted below [22]
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Figure 2.6 DBR reflection illustration a) constant increasing index no<ni<n, b) Alternating index no =

N2<ng

Light reflected from DBR’s material interface can interfere either constructively or
destructively. The phase change plays an important role. Consider light transitioning though a
three layered DBR section, with refractive indices no, n1, n2 as shown in figure 2.6 (a). If
no<ni<n that is, no alternation in refractive indices, two phase changes of m occurs at the no-
ni and n1-nz interfaces as the ray move from low refractive index material to a one with a higher
value [23]. Another phase change occurs due to the optical length covered, for single layer
optical length of Xo/4 or pair with total optical thickness of Ao/2 (Ao is centre wavelength of
reflectivity stop band) optical length phase change is w [23]. This leads to a total phase change

of 21 — m hence destructive interference (figure 2.6 (a)). However, if no = nz < ny (alternating
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refractive index, figure 2.6 (b)), the total material change phase will be only & as light moves
from ny to n2 (phase change from low index material to high index material is 0). There also
exist an optical length phase change of m hence; the total phase change is zero, constructive
interference. Therefore, DBR single layer or pair optical thickness of Ao/4 and Ao/2 respectively

are needed for constructive interference.

nd =22 (2.12)

Where n, d and Ao are the refractive index, geometrical thickness and Bragg wavelength
respectively.

In addition, it should be noted that, DBR layer optical thicknesses odd multiples of Ao/4 will
achieve the same results. Another requirement is that the materials are transparent or non-
absorbing in order to maximise the reflectivity. The reflectivity R and stop band AXg can be
calculated using equations 2.13 and 2.14 respectively

2
"H \MH
-GG

R=(—m——)? (2.13)
LG ) GHy2N

AN = % arcsin(2—L) (2.14)

nyg+ ny,

Where, n; = low refractive index, ny = high refractive index, n, = initial medium refractive

index, n, = final medium refractive index, N = number of layer pairs

As seen in equation, 2.13 and 2.14, reflectivity is proportional to N, A)g is proportional to
refractive index contrast and Ao can be chosen by varying layer optical thickness. It should also
be noted that, the higher the refractive index contrast, the lower N are required to achieve higher

reflectivity.

Angular incidence of light on a DBR can be resolved into vertical and horizontal components.
Following equation 2.12, the vertical component is considered and can be re-written as
equation 2.15 where 0 is the oblique incidence angle to the normal. For this reason, increasing

the oblique angle of incidence leads to blue shift in Ag and Ao,

Ao
4cos 6

nd = (2.15)

One of the drawbacks of DBRs is their considerable penetration depth; therefore, in case of

cavities, the effective cavity length is greater than the distance between the two mirrors. Also,
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the low conductivity of some materials used for DBRs make them unreliable for electrically
injected resonant cavity devices, an example include dielectric DBRs (Ta20s/SiO2) with low
conductivity. Semiconductor based DBRs are more conductive and provide an alternative, an
example is AIN/GaN.

Hybrid reflectors consisting of both DBRs and metals also exist; this also offers high
reflectivity and almost zero transmission especially if the metal is thick (>50nm) [21].

2.3.3 Total Internal Reflectors (TIR)

Total Internal Reflection refers to a phenomenon where by a light ray is completely reflected
back into its original medium as it travels across the boundary between two materials with
different refractive index [21]. This phenomenon was first discovered by Kepler and then

defined by Snell’s in his equation the Snell’s law given in equation 2.16
n,Sin6; = n,sin 6, (2.16)

Where n1, no, 01, 02 are refractive indices of medium 1 and 2, angle of incidence and angle of
refraction respectively

Beyond a critical angle of incidence, the refracted angle can exceed 90° that is, total internal

reflection. This critical angle can be calculated from Snell’s law and is given by equation 2.17
0, = Sin (&) (2.17)
ny

Therefore, n1 has to be greater than n,. Therefore, for TIR to occur, the original medium need
to be optically denser than the second medium. TIR has the advantage of offering 100%
reflectivity with almost zero transmission. This has been employed in lasers and optic fibres
for communication applications as signal wave can be guided through an optical fibre via TIR

with minimal loss as long as the incident angle is greater than or equal to the critical angle

2.4 DBR Fabry-Perot microcavities

Also called guantum microcavities (QMC), these are optical structures used to confined light
thanks to the multiple reflection happening within the structure. The structure’s optical length
is comparable to the wavelength of the light to be confined; this allows the control of the
emission. It is highly important for the exciton emission from the emitter to resonate with the
cavity mode. Many different types of cavities have been reported such as micro-disk cavity
[24], hybrid plasmonic laser microcavity [25], [26], photonic crystal nanocavity [26] and planar
Fabry-Perot cavities [27] as shown in figure 2.7
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Figure 2.7 Illustrations of various optical microcavities a) Fabry-Perot microcavity b) microdisk

microcavity c) plasmonic nanolaser d) photonic crystal

Microdisk, also called whispering gallery due to their mode of operation confine light via total
internal reflection (TIR). The light circulating within the disk periphery reflects on the wall due
to the surrounding air medium leading to TIR [29] [30]. This mode of confinement yields very

high cavity Q factor.

Surface plasmon coupling is used in plasmonic lasers to ensure light confinement. This type of
cavity is generally called a hybrid cavity. It consists of a thin layer (around 5nm) dielectric

SiO2 deposited on silver metal, reflection occurs at the dielectric-metal interface [31].

2D Photonic crystals show in figure 2.7 (d), uses typically nanohole arrays to ensure reflection.
A hole defect is intentionally produced at the centre of the structure, this causes light
localisation as the density of states are higher for a specific wavelength [32]. The nanoholes
are usually produced using Electron Beam Lithography (EBL) to achieve the small dimensions.

Fabry-Perot cavities are formed by stacking together two Bragg reflectors (Distributed Bragg
Reflectors, DBR 1D photonic crystals) separated by the cavity layer. To ensure photon
quantization in the cavity, some design considerations need to be taken. Figure 2.8 shows the

schematic of a common QMC made of a cavity layer sandwiched by two DBRs.
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Figure 2.8 Planar Fabry-Perot optical microcavity, 1/2 cavity length

Having two high reflective DBRs forming a cavity will lead to the trapping of light plane waves
in the cavity. The plane waves can interfere either constructively or destructively. Designing
the cavity optical length to match a specific length criterion can allow certain optical modes to
be sustained (constructive interference) and others attenuated (destructive interference). This
criterion is given in equation 2.18. The sustained optical modes cause standing waves inside

the cavity.

nLe= "¢ (2.18)

Where m, n, L. A, are an integer, cavity material refractive index, cavity length and centre
wavelength (cavity mode) respectively

This standing wave leads to optical field nodes and antinodes in the cavity. Field distribution
form=1(L, = %) is shown in figure 2.9, it has a centred antinode with enhanced field strength

compared to outside the cavity. As the photonic field can penetrate the DBRs up to a
penetration depth Lpgg , the effective cavity length L.¢, is larger than L. and is given by
equation 2.19 [33]

Leff = LC + LDBR (219)

Where n, = cavity material refractive index
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Figure 2.9 a) Transfer matrix calculated plot of photonic field across cavity, photonic field
enhancement by factor of 20 inside cavity, b) Obtained reflectivity spectrum of microcavity showing
cavity mode dip, adapted from [34]

The standing wave leads to the formation of photonic modes which can be seen on the
reflectivity spectrum stopband as dip(s) (low reflectivity areas) as shown in figure 2.9 (b) were
one dip corresponds to A cavity length. As the DBRs are not 100% reflective, there is decay in
the cavity mode (mode lifetime) related to the width of the cavity mode [35]. The cavity mode
width is given by equation 2.21

hc(1-R)

ha. =
Ncleff

(2.21)

The number of cavity modes formed in the cavity is directly proportional to the cavity length.
This is related to one of the cavity parameters called the free spectral range (FSR). The free
spectral range refers to the separation between successive cavity modes and is given by
equation 2.22
2
FSR = o~ (2.22)

2n¢le

As can be seen from equation 2.22, the FSR is inversely proportional to cavity optical length.
Another very important cavity parameter is its quality factor (Q). This quality factor measures
the ability of the QMC to confine photonic modes and prevent their escape from the cavity.
The greater the photonic mode lifetime the better their confinement in the cavity leading to

higher Q factor. This can be realised by minimising the losses. Numerous losses limit the cavity
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Q factor; first, the fact that there will always be some leakage of the photon out as reflectance
is always less than 100% reflectivity. In addition, the photons might be absorbed by the
materials within the cavity or DBR. The material absorption coefficient at propagating
wavelength determines the absorption loss. Scattering loss might also occur due to surface
roughness and dislocations who originated from fabrication imperfections [36]. The cavity Q

factor is given by equations 2.23 and 2.24

4R
T (1-R)?

Q (2.23)

0= = 29

Where A4,,, = cavity mode full width at half maximum (FWHM)

The cavity finesse (F) is also another measure of photonic mode leakage and is given by

equation 2.25

F=%n (2.25)

FSR

2.5 Low dimensional structures

In bulk semiconductor materials (no carrier confinement region), carriers have a range of
energy levels that are close to each other hence, considered continuous. Figure 2.10 (a) shows
a representation of the parabolic energy band distribution in bulk material. There exists a
forbidden band known as the band gap. Under steady state, majority carriers occupy the band
lower to the band gap (valence band) and there might exist some excited carriers in the band
above the band gap (conduction band). Transition of carriers from valence to conduction band

require jJumping of the band gap after excitation, forming an exciton (electron-hole pair).
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Figure 2.10 Optical absorption spectrum in bulk semiconductor and quantum wells, (a) bulk
semiconductor (band to band transition), (b) quantum well semiconductor (sub-band to sub-band

transitions)

Low dimensional semiconductors refer to those whose carriers” movements are restricted in at
least one dimension. The carriers are said to be confined in the said direction if the confinement
thickness (layer thickness) is comparable to the de Broglie wavelength (1,.5) of the carriers
given by equation 2.26

_ h
2'deB - \/m (226)

Where, m = particle mass, T = temperature, kz = Boltzmann’s constant.

Table 2.2 and Figure 2.11 illustrates the different quantum confined structures quantum well,
quantum wire and quantum dots offering 1, 2 and 3-dimensional confinement respectively.
Quantum wells are widely used in optoelectronic applications as active layers due to the
advantages they offer of improved radiative recombination in the active region and ability to
tune the bandgap (emitted photon energy) by varying confinement energy [11]. Quantum well

and quantum dots properties are reviewed in the next sections 2.5.1 and 2.5.2.
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Figure 2.11 Different levels of quantum confinement bulk (3D), Quantum wells (2D), nanorod (1D)
and Quantum dots (0D)

Structure Dimensional confinement Free  carrier movement
dimensions

Quantum well 1 2

Quantum wire 2 1

Quantum dot 3 0

Table 2.2 different quantum confined structures

2.5.1 Quantum wells

Quantum wells refer to quantum confined structures where the carriers are confined in one
direction due to bandgap discontinuity existing as a lower bandgap thin layer, the well (around
100A) is surrounded by two barrier layers of higher bandgap [11] [37]. Quantum confinement
can only be achieved if the confinement width (well width) is comparable to the de Broglie
wavelength of the carriers as explained in section 2.5. Notable advancements in epitaxial
techniques for thin and pure layers growth has paved the way in the development of quantum
wells. Quantum well is an example of a hetero-structure and serve many applications in
electronic devices (modulation doped FET, bipolar transistors) and optoelectronic device
(photodetectors, lasers) [37]. The confinement of carriers in a direction leads to discrete energy
levels formation along the band perpendicular to the layers hence the system is said to be in a
quantized state. This is illustrated in figure 2.12
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Figure 2.12 Grown GaN/InGaN quantum well layer diagram with corresponding band diagram,
energy quantization due to confinement shown, adapted from [11]

The energy (En) at specific quantum number (n) in an ideal quantum well (infinite well) was
derived from the infinite barrier model (particle in the box model) to yield the Schrodinger
equation [38] [11] given in equation 2.27

E,=thio L (iny (2.27)

2my, 2my,

Where, m;, = effective mass in well, d = well width

As seen from equation 2.27, E, is inversely proportional to m;, and d? meaning heavier
particles have smaller confinement energies compared to lighter particles (heavy holes
compared to light holes) and narrower well width leads to higher confinement energy. This
provides one of the benefits of quantum wells as the band edge energy can be shifted to higher
energies by varying the confinement energy (or well width). This provide an alternative method

to alloying (which is not preferred due to the inevitable impurities and defects addition) for
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tuning the emitted photon energy (bandgap) of the semiconductor [37] [11]. Also, the
confinement brought by the barrier brings the electron and hole wavefunctions closer. This
greatly increases the probability of radiative recombination to occur which is beneficial for
optoelectronic devices.

2.5.1.1 Optical absorption in QW

One other effect of quantum confinement is the modification of the semiconductor density of
states (DOS). The DOS is the amount of available states that can be occupied by free electrons
at each energy level [39]. In bulk semiconductor, DOS is continuous and follows the parabolic
energy bands. Absorption follows this DOS and results in a spectrum as shown in figure 2.10
(@). In QW, absorption transition may occur between states of same quantum number in
conduction and valence band [11]. n = 1 and n = 2 transitions are shown in figure 2.10 (b). n =
1 is the lowest transition and has energy slightly greater than the band edge and is known as

the threshold energy given by equation 2.28
how = Ej+ Epy + Eeq (2.28)
Where E},; and E,; are holes and electron confinement energies respectively

As the carriers are free to move in two directions, the quantized energy levels are not discrete
but can be regarded as sub-bands having minimum energy given by the confined states. As
such the electrons can have extra energy contributing to its Kinetic energy motion in free
dimensions, this allows a constant DOS in the QW plane as energy varies hence, step increases

in DOS which translates to the absorption spectrum [37] as shown in figure 2.10 b.

The creation of excitons needs to be considered. This greatly alters the observations made
above giving rise to peaks in the absorption spectrum corresponding to the inter-band
absorption (steps in figure 2.10 (b)). The main difference between bulk excitons and QW
excitons is the “squeezing” of the exciton at least in the direction perpendicular to the well (and
other directions too [37]), due to the narrow well width which has effects of reducing the Bohr
radius and increasing the exciton binding energy. For this reason, excitonic effects are

observable at room temperature in QW compared to bulk.

2.5.2 Quantum dots (QD)

Also referred to as semiconductor nanocrystals (NC), QD are semiconductor nano structures
offering quantum confinement effect (QCE) in three dimensions therefore, O degree of motion
for the carriers. This leads to the breaking of the continuous band structure of bulk
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semiconductors to form quantized states [40] [41]. QDs are nanocrystals with width less than
10 — 20nm, at these dimensions (comparable to the de Broglie wavelength of the carriers), the
band gap energy is dependent on the dot dimensions thanks to the quantum confinement effect
[41] [42]. They exist in different shapes such as spheres, rods, cubes and tetrapods. The
particularity of QD is that they allow tune-ability of the semiconductor’s carrier transition
energy based on dot dimension radius. This is thanks to the quantum confinement energy [43].
This allows optical absorption, emission and electrical properties engineering via sizing [42].
It should also be noted that confinement could also be caused by strain effects, impurities
within the material and external potential [44]. One of the main limitations of QD is their
degradation when subjected to photo-oxidation [45][46]. Therefore, the need for surface
passivation to ensure better chemical, thermal and photo-stability. Different strategies have
been reported such as capping the core with an extra layer of organic molecules. This layer of
organic molecules provide electronic passivation of the nanocrystals and prevention of
agglomeration of the nanocrystals as they can be manipulated as larger molecules with
reactivity determined by the capping layer [41]. Some have a completely new semiconductor
of larger bandgap encapsulating them as shells, this helps in surface passivation hence
preventing carriers from migrating to non-radiative recombination centres and reduction of
Auger recombination [41]. An illustration of a core/shell QD is shown in figure 2.13 with the
CdSe QD size-emission colour variations. Some have surfaces laminated with affinity ligands
for cells targeting and binding as required and act as protection layer also.

QD ligand

Increase in dot size/ decrease in emission energy
—D

QD core

NN
QD shell

a) b)

Figure 2.13 Quantum dots nanocrystal images a) illustration of single quantum dot structure b)

guantum dot emission variation with size of the dots

Three dimensional quantum confinement of carriers in QD leads to the modification of the

electronic states in QDs. New independent quantized states are produced which are different
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from the continuous parabolic distribution from the bulk. This means optical absorption and
emission can only happen at specific transitions. Just as quantum wells described above, QD
have a modified DOS. Here, the DOS are discrete translating to sharp peaks on the absorption
spectrum as shown in figure 2.14

Bulk

Absorption

Eg
Photon Energy

Figure 2.14 plot of absorption against photon energy of quantum dots showing the modification of the
density of states

QDs can be synthesise in different ways with the main methods being epitaxy and colloidal

synthesis.

By epitaxy, QDs are grown by the MBE (Molecular Beam Epitaxy), Laser ablation, Vapour
Phase epitaxy (VPE) and Liquid Phase Epitaxy (LPE). By MBE process using the Stranski-
Krastanow regime [11]. An example is the growth of InAs on GaAs substrate, due to the large
lattice mismatch between the two layers, the strain effect favours formation of nanometre scale
clusters islands of InAs. Epitaxial growth of the QD provides the advantage of in situ

incorporation within the device but tend to be more costly than colloidal synthesis

Colloidal synthesis involves chemical reaction processing resulting in QD suspended in
solution hence Colloidal Quantum Dots (CQD). The commonly used process involves hot
solvent pyrolysis of metal-organic precursors; this is termed hot injection method [47] [48].
Here, the QD size can be controlled to a better precision compared to epitaxy [48] [49]. Some
precursor chemicals are used which are heated at high enough temperature to breakdown into

monomers which then nucleate to form the dots. The monomer concentration and temperature
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are the two critical parameters for the process. Colloidal QDs offer larger batch synthesis of

QD suspended in solutions such as toluene for example.

The QD bandgap energy Egop) can be approximated using Brus equation; this is shown in
equation 2.29. The equation is based on excitons confined to a spherical space volume [50].
The equation consists of three different terms; the first term represents the bulk band-gap
energy. The second summing term represents the quantum confinement energy of the carriers,
as it can be seen this term is proportional to 1/R? where R is the QD radius hence, this allow
energy tuning of the dot using dot dimensions. The third term represents the electron hole
coulombic interactions within the QD; this term is negligible for high dielectric constant

semiconductors

h? 1 1 1.786e%
Egep) = Epuix + SRZ ( + )— - (2.29)

my my, 4mEgErR

Where, h,Ep.i , mz, my,, R, € and eo, er are the Plank constant, bulk band gap, effective mass
of electron, effective mass of hole, dot radius, electronic charge, permittivity of vacuum and

relative permittivity

In addition to material electrical and optical properties tune-ability by sizing, QD are also
characterised by their high quantum yield, this is because they have higher DOS near the
bandgap edge hence, brighter emissions [51]. QD are also more resistant to photo bleaching
compared to organic fluorophores and have broad absorption spectrum with narrow emission
spectrum [43][51]. QD are attractive and already used in many applications thanks to their
interesting properties mentioned above. Some of these applications include drug delivery [52],
bio imaging [53], sensors [54] and active region material for optoelectronic devices such as
LEDs [55][56], lasers [57] [58], light harvesting in solar cells [59] [60] and photodetectors
[61].

2.5.2.1 Performance degradation due to photo-oxidation and thermal effects in CdSe QDs
Optical performance degradation of QDs has been reported due to photo-oxidation and thermal
effects [62][63]. Specific studies on their degradation mechanisms have been made for Cd
based colloidal QDs. CdSe QDs were reported to show improvements in photoluminescence
emission when excited under minimal oxygen or water vapour exposure, this is known as
photo-activation [62][63] [64][65][66][63]. The water and oxygen molecules gets adsorbed
onto the CdSe core surface, this leads to their surface passivation and hence reduction in their
trap states as the electrons are redistributed to the QD conduction band [64][65][66][63][67].
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The adsorbed water and oxygen molecules can be detached from the QD via vacuum degassing
or inert gas purging hence reversing the photo-activation effect [68]. However, under
prolonged photoexcitation, the optical performance of the QD were seen to degrade
permanently [66]. Prolonged exposure to oxygen and water molecules leads to the formation
of photo-corrosive ions SeO* and Cd?* (as the Cd and Se dissociate from the QD’s core hence
a reduction in QD core size), this causes surface trap states on the surface and therefore
quantum yield quenching, emission blue shifting and emission band spreading
[62][65][66][63][67][69]. Shell encapsulation is the common method used to reduce the
instability of Cd based QDs [62][63][64] [69].

Heating the CdSe QD passed 200°C leads to the formation of thermally generated surface trap
states due to the ion exchange happening between the dots [70][71]. This thermal degradation
is however usually reversible when cooling. In addition to their instability and efficiency issues,
Cd based QDs also suffer from toxicity issues as they are made of heavy metal Cadmium which

is restricted within the European Union [45].

2.5.2.2 Colloidal lead-halide perovskite quantum dots
These are specific novel class of quantum dots generally consisting of monovalent cation (A),

divalent cation (B) and a monovalent halide anion (X) with chemical formula ABX3[72]. As
their name implies, they have a perovskite crystal structure. The cation B bonds with six X
anions in an octahedral format, the A cation is shared between neighbouring octahedra. The A
cation can be organic (MA or CH3NHz3") or inorganic (Cs are usually used), Pb (sometimes Sn)

serves as the B cation and the halide anions X commonly used are CI, Br, 1.

These perovskite structures optical and electronic properties can be varied by halide and cations
composition changes [73][74] and via dimensionality and sizing changes [75][76], emission
across the visible spectrum (400nm to 700nm). When reduced to 0D (quantum dots), they show
strong quantum confinement effects and compared to other traditional QDs they offer
advantages of higher resistance to structural defects, more affordable synthesis methods and
narrower emission spectrum (as small as 10nm) [77][78]. One of the main limitations of halide
perovskite QD is their high instability, their photo-oxidation induced degradation cannot be
avoided. When photo-excited under prolonged oxygen or water vapour rich environment, free
radicals are formed from the reaction between the electrons generated and oxygen and COo,
these radicals then react with the amine salts leading the QD structure destruction [45]. In
addition, the generated photo ions can migrate to neighbouring dots. This results in

photoluminescence quenching [79] [80]. Optical performance degradation even in inert N2 gas
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rich atmosphere were reported for excitation at 466nm wavelength [81]. Nonetheless, they
show more resistance to degradation compared to other traditional QDs (CdSe) as the generated
trap sites are outside the bandgap hence, they can retain their high quantum yield without the
need for surface passivation [82]. Quantum yields up to 95-100% were reported [75][83]. When
subjected to high temperatures, the perovskite structures was also seen to show
photoluminescence quenching due to increased surface trap states generation [45]. In addition,
CsPbBr3 perovskite QDs were reported to show an emission redshift when heated due to the
increase in their crystal size [84]. CsPbBr3 perovskite QDs structure is covered with functional
ligands. These ligands have functions of improving the QD photo and thermal stability as
dangling bonds on the surface for potential reactions are minimised [85] [86]. They could also

be useful in functional application such as cell targeting for example.

Another common colloidal QD issue less severe in halide perovskite is the blinking of the
nanocrystals upon photoexcitation. Blinking is caused by light excitation charging and
discharging of neutral nanocrystals [82]. This tends to favour trap states and Auger
recombination hence the blinking [87] [88]. Halide perovskites such as CsPbBrs have been
reported to show more stable emission at room temperature [89]. As discussed above, QDs in
general and halide perovskite QDs is a new field showing great potential in being the next

generation optoelectronic device functional material.

2.6 Organic Light Emitting Polymers (LEP)

A different class of light emitting materials are light emitting polymers. Polymers are
commonly known to be insulators but it was not until 1950s that Bernanose et al discovered
electroluminescence from the organic materials acridine orange and quinacrine [90]. This was
followed by 1990, Cambridge University’s Opto-Electronics group reported on light emitting
polymers. They managed to see emission from polymer poly(1,4-phenylenevinylene) (PPV)
upon application of a bias across [91]. Even though the efficiency (0.005%) and lifetime (few
minutes) were low, this was still a major discovery. Research developments throughout the
years has enabled their performance to considerably improve with efficiencies approaching
few whole percentages, lifetimes reaching 10000 hours and multiple different colour emitting
polymers [92]. Certain polymers have semiconducting properties thanks to their chain
conjugation nature. This was first demonstrated by the year 2000 Nobel laureates in chemistry
A. Heeger, G. Mc Diarmid and H. Shirakawa during their work on polymer polyacetylene in
the 1970s [93]. Organic polymers usually consists of carbon-carbon atomic bonding. Atomic

electron orbitals interactions within the carbon atom (s?2s?2p?) usually leads to the formation
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of hybrid orbitals via the process of hybridisation [94]. Three different hybrid states exist sp,
sp? and sp® hybridization depending on the amount of 2s and 2p orbitals involved. Consider a
carbon=carbon double bonding in an ethylene molecule H,C = CH> shown in figure 2.15 (a).
As the carbon atoms have three bonding areas, the hybridisation is sp?. This leads to the
formation of 3 equivalent co-planar sigma bonds (c-bonds) due to the sp? hybridization of the
carbon orbitals and a remaining non-hybridized P; electron orbital which forms a pie bond (n-
bond) [94] between the adjacent atoms. A m-conjugated polymer is one having a backbone
chain consisting of either alternating single-double or single-triple bonds. This leads to
delocalised m-orbitals carriers across the complete molecular chain and accounts for the

conduction[95]

The band properties of organic semiconductor polymers are analogous to their inorganic
counterparts. In polymers, the band structure is defined as molecular orbitals of which two exist;
the Highest Occupied Molecular Orbital (HOMO) and the Least Unoccupied Molecular Orbital
(LUMO) analogous to the valence and conduction band in inorganic semiconductors. The
HOMO is the highest molecular orbitals with quantum states filled meanwhile the LUMO is
the next with unfilled quantum states. Upon excitation, the HOMO = electron will transition to
the LUMO, this is known as 7- @ transition and the energy required describes the bandgap
energy (this is shown in figure 2.15 (b)) [95]. Electrons can be move along the chain backbone
via the n-bond while maintaining the structural stability of the molecule. The transition can be
achieved by both electrical and optical excitation condition that the excitation energy is greater
than the bandgap energy. This leads to the formation of excitons, which can dissociate, diffuse

or recombine (radiative or non-radiative).
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Figure 2.15 organic light emitting polymer conducting and emitting mechanism a) ethylene bonding
structure showing P; electron orbitals forming pie bonds which become delocalised as a result of
conjugation b) n- x transition between HOMO and LUMO band structure as a result of optical

excitation

LEP can be characterised by their quantum yield, Stokes shift, emission and absorption peaks
and offer advantages of emitting colour tune-ability by chemical structure modifications [96].
They can also be processed in solutions; this allows low cost deposition such as ink jet printing
and spin coating [94]. In addition, substrate compatibility is not an issue and flexible substrates

can be used [94] leading to new devices.

One of the main problems of LEP is their poor carrier transport and injection (mobility less
than 10 cm?V-1s™?). In contrast to inorganic semiconductors, organic polymers have hole
mobilities exceeding that of their electrons. This differences leads to reduction in electron-hole
recombination, as most holes will not meet an electron before reaching the cathode. In the case
of Organic LEDs (OLEDSs), the recombination will occur near the electrode interface hence
quenching luminescence. One of the method used to mitigate this is by using metal with work
function close to the HOMO and LUMO energy levels [97]. Another very common method
involves using extra layers between the metal contacts and the active region, electron transport
layers and hole transport layers to promote carrier injection. Organic polymers also suffer from
photo bleaching, that is degradation of the polymer due to successive excitations. Water and

air are usually harmful to the polymer as it cause acceleration of degradation.

LEP serve in numerous applications such as OLEDs for display technology thanks to their
small sizes and lighting [98]. They also serve in biology for cell tagging and sensing [99] [100],
light trapping material in organic solar panels and optically pumped organic polymer lasers has
also been reported [92].
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2.7 Light-matter interaction

Light matter interaction is a phenomenon that has been of great importance and highly studied
due to phenomena such as lasing [92], [101], emission intensity enhancement [102],
spontaneous emission enhancement (Purcell effect) [103], [104], lasing threshold reduction
[105], strong coupling [106] and more. The development of optical microcavity structures has
facilitated the control over light matter interaction. In this section, a review on optical

microcavities and important light-matter interaction phenomena are given

2.7.1 Coupling in microcavity

Placing an emitter inside the cavity can lead to light matter interaction, light corresponding to
the photonic modes and matter corresponding to excitons in the emitter. During coupling, the
exciton and cavity mode exchange energy at a rate depending on the coupling strength.
Depending on how this coupling strength compares to cavity mode decay (k) and non-resonant
emitter decay (y) (shown in figure 2.16), two regimes exists weak coupling and strong coupling

regimes. Below is an overview of both

Exciton (matter)

N

Photon (light)

Figure 2.16 Main cavity mechanisms determining coupling strength, coupling strength (g), cavity

mode decay (k) and non-resonant emitter decay (y)

2.7.1.1 Weak coupling regime and Purcell effect

In this regime, the losses strength exceeds the exciton-photon coupling strength. This can occur
when the emitter is not embedded inside a QMC or the QMC used is of low Q. The generated
photons are rapidly lost in free space leading to rapid irreversible decay in the excitons (short
exciton lifetime) [35]. Vacuum field interactions with an emitter affects its spontaneous
emission, depending on whether the exciton transition within the emitter is in resonance with
the cavity mode or not, the spontaneous emission rate can be greatly increased or reduced

respectively compared to vacuum spontaneous emission [33]. When they are in resonance the
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photonic density of states seen by the emitter exciton are increased hence, increase in their
decay rate. The reverse occurs when they are out of resonance. The factor by which the
spontaneous emission is improved or diminished is known as the Purcell factor [28] (F,)
published by Purcell in 1946 and is given by equation 2.30

v
_3Q(ED°
p 4”2Veff

(2.30)

Where, n = emitter refractive index, Vs, = effective mode volume

From equation 2.30, two main important points can be noted to achieve high Purcell factor.
First, it can be seen that F,xQ, this means that the higher the cavity quality factor the higher
the spontaneous emission enhancement. Secondly, F, « 1/V, ¢ meaning the amount of cavity
mode in resonance with the exciton transition must be less to achieve greater spontaneous
emission enhancement. This is the reason why smaller cavity lengths are preferred. In addition
to the Purcell factor, the exciton positioning affects the excitonic-optical mode coupling
strength. This is related to the standing wave factor, which states that the maximum coupling
occurs for thin emitter sources positioned at the cavity standing wave antinode [107], but rather
supressed when positioned at the standing wave node. Therefore, the emitter should be
positioned close enough to the field antinode [108]. Finally, the exciton transition needs to be
at resonance with the cavity mode. Purcell effect is usually measured by time resolve

spectroscopy where the decays of various profiles are compared.
All discussed criterions above for establishing weak coupling are also valid for strong coupling.

2.7.1.2 Strong coupling regime

In this regime, instead of the generated photons to be lost in free space as in the case of weak
coupling regime, the photons are reflected back into the cavity and reabsorbed by the cavity
medium. This makes the exciton decay reversible as they can be reformed by the reabsorbed
photon. When the energy exchanged between the exciton transition and the cavity mode
(coupling strength) is stronger than the loss, the system is said to be in strong coupling [35].
For this to be achieved the same conditions described in weak coupling above (emitter and
cavity mode at resonance, emitter positioning at antinode, low mode volume) and an even
higher quality factor to limit cavity mode leakage outside the cavity. The light matter coupling

leads to the formation of a new eigen state known as the exciton-polariton. The characteristic
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energy splitting at resonance between the emitter and cavity mode defines strong coupling, this
splitting is known as the vacuum Rabi splitting (2€Q; ) [34] given by equation 2.31

RO = 2h(5 N1/ (2.31)
cleff

Where, Al = radiative width of exciton, N, = number of quantum wells in active region

The vacuum Rabi splitting energy is greater than the exciton and cavity mode linewidths in
strong coupling. The aim is to have narrow exciton and cavity modes linewidths. The exciton
linewidth mainly depends on the alloy fluctuations in the well lattice after epitaxy and well
width meanwhile the cavity mode linewidth mainly depends on losses within the cavity (cavity
finesse). Hence, the importance of QW epitaxial growth techniques and high finesse cavity
(minimal loss). vacuum Rabi splitting of >5meV and >8meV [109] were reported for 1 A and
3 1 /2 GaAs based cavities respectively. As the photonic component of the polariton has a finite
lifetime inside the cavity, the polariton is converted into external photons. Therefore, the
polariton dispersions can be measured from luminescence experiments (reflectivity,
transmissivity measurements) [34]. This splitting is translated on a reflectivity spectrum at the
resonance wavelength as two coupled mode dips on the high reflectivity stop band, having
equal intensity and separated by corresponding vacuum Rabi splitting energy. A typical
reflectivity spectrum under such phenomenon is shown in figure 2.17

Reflectivity

Energy (eV)

Figure 2.17 Calculated reflectivity spectrum for microcavity under strong coupling, two superimposed

dips on the spectrum stop band shown, adapted from [34]
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The high cavity quality factor causes the light to pass multiple times within the cavity, this
leads to most of the non-reflected light to be absorbed rather than transmitted [34]. The two
dips can also be regarded as the two polaritonic branches formed by the splitting, the lower
(LPB) and upper (UPB) polaritonic branches.

Experimentally, in order to measure strong coupling, the polariton dispersion curve showing
anti-crossing of the excitonic and cavity modes need to be plotted. The plotting of this
dispersion curve requires the tuning of either the excitonic mode or cavity mode. Many

different techniques have been reported such as

e cavity tuning by intentionally performing a wedge growth by stopping sample rotation
during MOCVD or MBE growth of the cavity structure [110]. This has the effect of
varying the cavity length. Therefore, the cavity mode is directly related to the cavity
length.

e Material refractive index variation with temperature utilised to tune the cavity mode
[110] and bandgap variation with temperature utilised to tune excitonic mode [110].

e Electric field tuning of the excitonic mode [110].

e Angle measurements to tune the cavity mode

They all offer their advantages and disadvantages and the choice is made depending on the
specific experimental requirements. Angular measurements technique is highly effective with
advantages ease in operation, as complicated wedge growth is not required, no possible
detrimental effect on device as external parameters such as electric field and temperature are
not used. Angular measurements also can be measured directly from luminous measurements
such as reflectivity and photoluminescence measurements. Finally, incidence angle variations
greatly affect the cavity mode with little to no effect on the excitonic mode hence, a good tuning
technique. The cavity mode energy variation with incident angle is given by the equation 2.32
[34].

E(6) = E, (1 — 020172 (2.32)

ners

A typical reflectivity spectrum at different tuning is shown in figure 2.18. Reflectivity plots at
different cavity mode tuning of the same structure are presented. The top left curve shows one
dip corresponding to the cavity mode out of resonance with the excitonic mode. As the cavity

mode is tuned to get closer to the excitonic mode, a small second dip appears and at resonance,
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two split dips of equal intensity can be seen (fourth plot from the top) and the last plot shows

the cavity mode again away from resonance.
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Figure 2.18 Effect of detuning on reflectivity spectrum, cavity mode increased from left to right and
on resonance splitting effect shown on second plot from the bottom, adapted from [34]

The polariton dispersion curve can then be obtained by extrapolating the two polariton energies

(two dips energies) at each angle of incidence. Figure 2.19 shows a typical polariton dispersion
curve deduced from reflectivity energy dips position [111]. The two polaritons, upper and

lower polaritons corresponding to the two branches. It should also be noted that angle resolved

photoluminescence can also be done and polariton dispersion curve deduced from it.

Energy peak position

Upper polariton branch

Anticrossing at
resonance

Lower polariton branch

Angle of incidence

Figure 2.19 Polariton dispersion plot derived from reflectivity plots at different angles of incidence,

upper and lower polariton corresponding to the two branches, adapted from [111]
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2.8 Light Emitting Diodes (LEDs)

Light Emitting Diodes are one of the solid-state lighting sources with prominent importance in
light generation, manipulation and applications. Compared to other light sources, LEDs offer
advantages of environmental friendliness, higher energy efficiency, longer lifetime and
emission spectrum controllability (narrower emission, emission direction, colour temperature,
polarisation and modulation) [4]. They are generally composed of inorganic/organic materials
capable of emitting light upon passing of an electric current across. In this section, the
functioning of a typical LED, its electrical and optical properties, fabrication and design
parameters, resonant cavity LEDs (RCLEDs), white light source LEDs and their applications

will be discussed.

2.8.1 LED functioning

In its simplest form, an LED is a PN junction that is a p-type doped (holes majority carriers)
semiconductor attached to an n-type doped (electrons majority carriers) semiconductor,
separated by a depletion (active) region as illustrated in figure 2.20. Without external bias, the
depletion region is depleted of free carriers (resistive in nature), the ionised donors and
acceptors on the N and P sides respectively, leads to the formation of a built in potential called
the diffusion potential (Vp). This is the potential barrier free carriers from either sides need to
overcome in order to reach the active region and this can be calculated using equation 2.33
[112]. The depletion region width (Wp) can also be calculated by equation 2.34 [112].

Vp = —In(*432 (2.33)
2€ 1 1
Wo= |5 (W =NG+ ) (2.34)

Where, Na, Np, ni,K, T, &, V are the acceptor concentration, donor concentration, intrinsic carrier
concentration, Boltzmann’s constant, temperature, dielectric permittivity, applied bias voltage

respectively.

Upon application of an external bias across the active region, the diffusion potential can either
be increased or decreased for a reversed and forward bias respectively. Forward bias causes a
reduction the diffusion potential barrier, beyond a bias threshold (V), carriers start flowing
across. Further increase in the forward bias leads to increase in current flow as carriers are
rapidly injected into the opposing region. The carriers then recombine and emit photons via the

process of spontaneous emission. The emitted photon energy is close to the active region

51



semiconductor’s bandgap energy (Eg). This is shown in equation 2.35. The mean distance the
free carrier travels, before recombining with the opposite charge carrier is known as the

diffusion length, and is given by equations 2.36 and 2.37 for holes and electrons respectively.

hf =~ E, (2.35)
L, = /DpTp (2.36)
L, = \/Dptp (2.37)

Where, h = Plank constant, f = photon frequency, L, = hole diffusion length, L, = electron
diffusion length, tp = holes carrier lifetimes, tn = electron carriers lifetime, D, = hole diffusion

constant and Dn = electron diffusion constant respectively.
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Figure 2.20 energy band illustration of PN junction under a) equilibrium (zero external bias) b)

forward external bias

The PN junction described above with energy diagram shown in figure 2.20 is that of a homo-
junction that is, one made from the same material. Under forward bias, the minority carriers
are distributed over a wide region on the opposing side as common semiconductor diffusion
lengths are in the micron range, an example is 15um for GaAs [112] [113], leading to a low
concentration in the active region. As the recombination rate is directly proportional to the
carrier concentration in the active region from equation 2.6, homo-junction LED devices are
less effective. Double hetero-junction structures are more commonly used. They involve the

use of active regions consisting of two different bandgap semiconductor materials. That is, a
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low bandgap active

region sandwiched by two wider bandgap barriers materials. This limits

the recombination region of the LED to the active region as injected carriers are confined in

this region thanks to the barriers. This is illustrated in figure 2.21 (b). These heterojunctions

are also referred to as quantum wells
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Figure 2.21 comparison of (a) homojunction and (b) heterojunction in their carrier confinement

abilities when a forward bias is applied

2.8.2 Electrical and optical properties

The relationship between the current and voltage of an ideal PN junction is given by the

Shockley Diode equation 2.38

ev
[ = I,(e%P —1) (2.38)

2 2
Where, I, = eA( /D—” o /D—” oo (2.39)
P D n

Where, A, |s are the

cross sectional area and saturation current respectively

Generally, for forward bias V >> KT. Therefore, the I-V equation can be re-written as

I

e(V-Vp)
= eA( /’j—” N, + /% ND) e m (2.40)
P n
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Therefore, the diffusion voltage is the threshold voltage. This threshold voltage can be

approximated as shown in equation 2.41

Voo = Vp ~ 2 (2.41)

e

Therefore, the threshold voltage is directly proportional to the bandgap energy of the
semiconductor. Arsenide and phosphide based LED devices agree very closely with this
approximation but not Nitrides. This is because of the additional potential drop in their structure
from the bandgap discontinuities, ohmic contacts and p-type buffer layer, making the threshold
voltage greater than Eg/e. Figure 2.22 shows the typical 1-V curve of an LED. The threshold
voltage is not a fixed value but rather occurs over a range of voltages. This is because of the
presence of some parallel resistance to the device, leading to the device bypass [112]. This
explains the sub-threshold turn-on. There also exist series resistance within the LED device,
this accounts for the ohmic behaviour past the threshold voltage. Parallel resistances sources
include carrier transport via surface states or deep levels and series resistance sources include

ohmic contact resistance and band bending because of carrier diffusion [112].

—

Current (mA)

Voo '
Voltage (V)

Figure 2.22 Typical current-voltage characteristic of an LED diode

The electron and holes distribution in semiconductors typically have a parabolic dispersion.
Carrier recombination involves free electrons in the conduction band and holes in the valence
band. Momentum conservation requirements ensure that the carrier transitions are only vertical

and therefore electrons can only recombine with holes having the same momentum
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(Boltzmann’s distribution) value [114]. Energy conservation requirements shows that the
transition energy (band gap energy) must be equal to the emitted photon energy hence, the
emission can be tuned by selecting the appropriate semiconductor material. Figure 2.23 shows
an example of the emission spectrum of an LED with important parameters emission peak
wavelength, Full Width at Half Maximum (FWHM). They are characterised by narrow band,

high intensity emission peak

Ao
R I

FWHM

EL intensity (A.U.)

A 4

Wavellength (nm)

Figure 2.23 typical emission spectra of direct bandgap semiconductor showing characteristic Full
Width at Half Maximum (FWHM) and wavelength at peak intensity

Ideally, for every single electron recombination with a hole, a photon would be emitted. This
defines the efficiency of the LED. Various measures of efficiency exist such as Internal
Quantum Efficiency (IQE), External Quantum Efficiency (EQE), and Power Efficiency (PE)
[114]

IQE can be defined as the ratio of the emitted photons from the active region to the injected

electrons into the active region. This can be calculated as shown in equation 2.42

Pint

IQE = 4=

I ™ number of electrons injected into LED'sactive region per second
e

e~

number of photons emitted from active region per second

(2.42)

Where Pint and | are the emitted optical power out of the active region and injected current into

the active region respectively.
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Ideally, all the emitted photons from the active region should be emitted into free space. This
is not the case, some photons are reabsorbed by the substrate, Ohmic contacts and other defects
within the semiconductor, and others might be total internally reflected back into the device
vicinity, non-radiative emission processes (Auger recombination, deep level and surface states
emissions). These are example of the loss mechanisms and can be depicted as the extraction

efficiency nyiraction 9ivVen by equation 2.43

Pout
hf number of photons emitted into free space (2 43)

n . = = =
extraction Pint

number of photons emitted from the active region

Where P, is optical power emitted from device

The extraction efficiency determines the EQE; the EQE refers to the ratio of the photon emitted
in free space to the electrical injected electrons in the LED, therefore the useful efficiency. The

EQE can be calculated using equation 2.44

P

=3

ut
hf number of photons emitted into free space (2 44)

I ™ number of electrons injected into LED per second
e

EQE =

The power efficiency n,,,,, also known as wall plug efficiency is involved mainly with the

input and output power and is given by equation 2.45

P
Npower = v (2.45)

Where P and 1V are output optical power from the LED device and electrical injected power
to the LED

2.8.3 LED fabrication and design considerations

The LED fabrication involves many steps and various consideration need to be taken to

maximise the device performance. These are discussed in this section.

2.8.3.1 LED fabrication

The main component of an LED is its light emitting component. This component consists of
semiconductor layers grown on a substrate. Example of substrates commonly used in nitride
LEDs are sapphire, GaN and Si. A typical structure of InGaN/GaN quantum well blue emitting
LED structure is shown in figure 2.24.
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Figure 2.24 Schematic of typical InGaN/GaN blue emitting LED

The growth of semiconductor materials including GaN is usually done in a chemical reactor at
high temperatures by the process of MOCVD (Metal Organic Chemical Vapour Deposition).
The substrate used determines the grown GaN properties of crystal orientation, strain,
morphology and defect density [4]. The lack of suitable substrate with lattice constant close to
that of GaN has been a challenge in the development of GaN based LEDs. Sapphire with lattice
mismatch of about 16% is the most commonly used substrate. Direct GaN growth on the
sapphire substrate will lead to cracks and defects on the GaN. These defects are non-radiative
recombination sites and therefore should be avoided. Many methods to avoid or limit the
generation of these defects were developed and include deposition and low temperature
annealing of a nucleation layer on substrate before the main GaN deposition [115], island
formation followed by coalescence [116] [117]. These methods can lead to dislocation density
reduction from 5x10° cm? to 1x10® cm™ [4]. These are still high values for threading
dislocation but InGaN tends to perform relatively well thanks to the localisation effects. This
prevents the carriers from migrating to defect (non-radiative recombination) sites [118] [119].
The use of lattice-matched substrates has also being proposed, lattice matched GaN substrates
were used for second generation LEDs. This tends to reduce/eliminate dislocation density due
to lattice mismatch and potential reflection at sapphire-GaN interface, which improves LED
performance as demonstrated by Lee et al [120]. The cost associated with freestanding GaN
substrate production hinders the commercialisation of this type. After growth of the full stack,
photolithography processing including lithography patterning, dry etching, metallisation,
surface roughening and cleaving or sawing are required to achieve the LED die. The die is then
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encapsulated and packaged (depending on the chosen chip design) to form compact electrical

components that can be powered externally.

2.8.3.2 LED design considerations

One of the major parameters to be considered for the effective performance of the LED is the
device junction temperature. This refers to the temperature of the active region and can have
detrimental effects on the device if not well controlled. These include semiconductor material
degradation (hence device lifetime reduction), carrier overflow across the active region (current
leakage), increase in non-radiative recombination processes (deep level, surface state and
Auger recombination), damage of the encapsulant (reducing the extraction efficiency), and red
shifting of the emission peak due to the quantum confined Stark effect [13] [121] on the
effective bandgap energy. Hence, reducing the LED performance and lifetime. Heat generated
within the LED can be controlled by reducing parasitic electrical resistance within the bands.
A good example is the additional barrier creation due to band bending in hetero-structure active
region because of charge transfer. This band bending can be reduced by grading composition
of the hetero-structure rather than step composition, lattice matching of the layers is necessary
to avoid misfit dislocations. Another design feature used to limit the device temperature is the

heat sink.

The LED decay dynamic is one of the main factors determining the LED switching times, this
is particularly important in communication applications where LED modulation speeds play
key roles. As seen above, recombination rate is proportional to carrier concentration, so
increasing the injected carriers or highly doping the active region are some ways of improving

the recombination rate [13].

Carrier leakage and overflow is another consideration associated with hetero-structure designs.
Despite the hetero-structure barriers energy being up to the 100s meV, some carriers still are
able to overcome and escape the barrier. Carrier’s energy distribution is given by the Fermi-
Dirac distribution [112] where some carrier’s energy is higher than the barrier allowing them
to escape. This leads to recombination at the barrier layer. The parameters influencing this
carrier loss are the carrier concentration at the band edge and barrier height. Therefore, high
barrier height is required to avoid the carrier overflow. Barrier height energy much greater than
KT (thermal energy). Increase of the injection current will lead to increase in population of the
hetero-structure well’s carriers, if the injection current keeps increasing, at a certain point the

well becomes completely full and any further current increase will have no effect on the
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recombination rate no matter the barrier height. Hence, the emission intensity will saturate.
Increasing the active region volume provides a solution to this. That is, using multiple quantum

wells which increases the current at which saturation might occur.

Well width in hetero-structures also affect LED IQE. Well width less than 10s of nm are
commonly used for QW [113]. Wells too thin or too large will make the hetero-structure
advantage to be lost due to carrier overflow and loss of carrier confinement respectively. Few

nanometres well width were reported for InGaN/GaN [122]

Even with all measures above, certain carriers might still have enough energy to escape the
active region into the confinement region. Electrons, owing to their higher mobility compared
to holes will have higher leakage hence, the use of electron blocking layers. These are layers
with very high bandgap energy grown on the p-type confinement layer-active region interface.
For the GalnN/GaN LED system, AlGaN is commonly used as electron blocking layer. The
free holes from the P-region screens the electron-blocking region so that no barrier exists in
the valence band. This configuration reduces further carrier leakage and increases
recombination [4] [13]

Semiconductor materials commonly used in LED structures are of high refractive index (GaAs
and GaN having 3.4 and 2.4 respectively). This makes their semiconductor-air interface highly
reflective for certain angles of incidence due to Total Internal Reflection (TIR) governed by
Snell’s law. The critical angle (8¢) for TIR is given by equation 2.46. As refractive index of the
semiconductor (ns) is greater than that of air (nair), 6c will be small and all rays with incidence
angle greater than 0c will get total internally reflected. This is usually illustrated in terms of
emission intensity percentage to emission angle to the normal, the LED Lambertian emission
pattern [114]. TIR reduces the extraction of light from the LED and hence the EQE of the
device. Dome shaped epoxy encapsulation of the LED die can help reduce this TIR effect.
Refraction from the semiconductor epoxy interface causes the incidence angle to be normal at

the epoxy-air interface hence no TIR.

sin, = ”g” (2.46)

S

2.8.4 Resonant Cavity LEDs (RCLEDSs)

As discussed in section 2.2, radiative recombination leading to photon emission usually can
occur in two different ways within semiconductors, stimulated emission or spontaneous

emission. The latter occurs randomly with little to no control over the process. However, the
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use of resonators with optical dimensions within the order of the light’s wavelength can be
used to control the emission properties (spontaneous emission rate, emission pattern and purity)
of a light emitting element [123] [19]. This was first developed by Purcell in 1946 with the
simplest being the Fabry-Perot resonator.

RCLEDs is an example of a device making use of the spontaneous emission enhancement using
micro-cavities. RCLEDs consist of an LED where the light emitting medium is placed inside
a resonant cavity. This consists of two resonators sandwiching the emitting material with cavity
optical thickness Lcav is comparable to the light wavelength A. Small cavity optical thicknesses
of A/2 or A are usually used (small cavity thickness for better overlap between the emission

spectrum and cavity mode), a representation diagram is shown in figure 2.25.

LCB\I"

Ri1 R,

Cladding layer Active region

Figure 2.25 diagrammatic illustration of planar cavity showing active layer sandwiched by two

reflective mirror and cladding layers

Various design criteria need to be obeyed for the effective operation of the RCLED.

First, the optical cavity length should be kept to the minimum that is % (m =1). This helps in

maximising the overlap between the cavity mode and emission wavelength and therefore
maximising the integrated intensity. It should also be noted that the penetration depth within
the reflectors adds to the cavity length, so using reflectors with minimum penetration depth is

also required for instance DBRs with high refractive index contrast materials.
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Secondly, the bottom DBR reflectivity need to be much greater than that of the top DBR
reflectivity (R2 >> Ry). This criterion ensures light exits via the exit mirror as it provides less

optical resistance, this is essential in improving the LED emission directionality

Also, the emission rate enhancement factor Ge is given by equation 2.47

_ g (/R A-R) 7
Ge = 2 (-JRiRz)? Tt (2.47)
Where §, 7. and t are the antinode enhancement factor (determined by the active region

positioning in the microcavity), carrier lifetimes in and out of the cavity respectively

As it can be seen from equation 2.47, the positioning of the active region within the cavity
affects the emission rate enhancement. The & can take three different values depending on the
active region position in the cavity 2, 1 and 0 when the active medium is at exactly the standing
wave antinode, smeared over multiple period of the standing wave and is at exactly the standing
wave node respectively [19]. Therefore, the emitting material should be placed preferably at

the standing wave antinode’s position for better performance.

Finally, the probability of the emitted photons to be released from the cavity should be much
greater than that of the photons being reabsorbed by the active medium [124]. This is to
minimise self-absorption within the cavity, which might lead to non-radiative recombination
and/or reemission but along the waveguide modes (that is laterally and not vertically along the
cavity modes) hence, decrease in cavity mode emission. This can be expressed mathematically

in terms of the exit mirror reflectivity R: (assuming Rz~ 1) as shown in equation 2.48
ZEO(Lactive < (1 - Rl) (2-48)

This relation can be used to determine the adequate reflectivity for the exit mirror. Theoretical
calculations yielded optimal exit mirror reflectivity in the range 50-60% [125]. However,
RCLEDs with 99.9% reflectivity were also reported [126]. This affects the optical mode
density and causes the spontaneous emission enhancement by the Purcell effect (resonant
cavity effects). This leads to numerous interesting effects such as increase in the device
emission intensity thanks to enhanced spontaneous emission due to the Purcell effect.
Enhancement factors in the range of 2 — 20 were reported [127]. Secondly, reduction in the
emission line width of the device, this makes the emission purer compared to the conventional
LEDs. This can be explained by the fact that, in the resonant cavity, the emission spectrum line

width is solely dependent on the cavity mode and not the thermal energy. Line width narrowing
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factors of 2-5 were reported. Thirdly, the emission is more along an axis normal to the cavity
that is, more directional emission. This is contrary to the isotropic emission pattern from
conventional LEDs which suffer from Total Internal reflection (TIR) due to Snell’s law [107],
this is one of the major factors limiting LED’s extraction efficiency and hence external
quantum efficiency. Therefore, RCLEDs offer better external quantum efficiency compared to
conventional LEDs. This can be applied to both inorganic and organic light emitting materials
based LEDs [124].

2.9 Lasers

The development of lasers since 1960 has enabled the discovery and development of many
other photonic technologies. LASER is acronym Light Amplification by Stimulated Emission
of Radiations. Laser light compared to other light sources has properties of very narrow
emission width, highly directional beams that can be focused on a small spot area with high
peak powers and highly coherent beams [128]. At the core of laser technology, is the optical
oscillator, this requires the presence of amplification and positive feedback [129] [130]. Below

is a brief explanation of the laser’s mode of functioning

Gain
medium

Partially transmitting mirror

Resonance

Figure 2.26 illustration of a Fabry-Perot structure laser

Carrier transition within the atom of a light emitting material leading to light emission can be
regarded as an optical oscillator where the emitted photon frequency f, which can be considered

as the oscillator resonance frequency, is given by equation 2.49
f == (2.49)

Where h and AE are the Plank constant and transition energy respectively
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Unfortunately, these transitions occur randomly (spontaneous emission) and independently
across the emitting material leading to emission of photons with the same resonance frequency
(as the transition energy is the same) but with different phases and in different directions. The
result is light lacking collimation, coherence and hence cannot be focused to achieve high
intensities. Hence, the need of a single general optical oscillator which will allow
synchronisation of all photon emissions. Figure 2.26 shows a schematic of a Fabry-Perot
structure laser [128]. It consists of a gain medium (optical amplifier) that is, a medium which
emits more photons upon excitation. In addition, to ensure a single common optical oscillator,
feedback is required and this is done thanks to the mirrors [129] [130]. The mirrors allow
multiple passage of the light across the gain medium hence allowing amplification. Stimulated
emission is required in order to ensure that the emitted photons have the same direction, phase
and polarisation as the photon causing stimulation [129] [130]. During thermal equilibrium,
the carriers within the gain medium will be unexcited and therefore, absorption will dominate.
In order for stimulated emission to dominate, a thermal non-equilibrium state need to be
achieved known as population inversion [130]. During this state, the medium’s carrier are
mostly excited and the medium can provide gain by stimulated emission. The lasing light is
then emitted via the partially transmitting mirror. Population inversion is achieved via pumping
that is, supplying energy to the system. A threshold pumping power is required for lasing to
occur that is, when the gain exceeds the loss. Therefore, beyond the threshold, the laser optical
power exponentially increases until gain equals loss (as population inversion is reduced by the
de-excitation of carriers) and steady state is reached [130]. Pumping can be done optically
using another light source at frequency within the absorption band of the material excluding

the resonant frequency or electrically by passing current across the material [128].

Various types of reflectors have been used such as micro disks, Distributed Bragg Reflectors
(DBRs), photonic crystal resonators. The resonator configuration commonly used is the two
planar mirrors sandwiching the gain medium. The determining resonator property is its Q factor,
the higher the Q factor, the lower the resonator losses.

2.9.1 QD lasers

Typically, lasers are made using Quantum Well (QW) optical gain material in diode-like
structures, the 1 dimension quantum confinement of the QW allow for lower lasing threshold
compared to bulk [131]. Semiconductors nanocrystals (quantum dots) are new promising
materials for optical gain media of lasers. First stimulated emission observations in colloidal

guantum dots (CQD) were made in 2000 [132] and since then, they attracted interest as laser
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optical gain materials thanks to their numerous advantages such as; low cost, simple and
scalable techniques for deposition such as spin coating and inkjet printing. As they are solution
based, they do not have compatibility issues when deposited in micro-cavities (lattice matching
is not a requirement unlike epitaxial grown QDs) [133]. They also have high temperature
stability thanks to their high energy levels spacing energy (greater than thermal energy) [134]
and even lower optical threshold gain compared to QW thanks to increased band edge energy

states due to the QCSE [135], which are advantageous for lasing.

Just like other lasing gain materials, optical transition between the bands edges are required for
light emission where stimulated emission must exceed absorption and spontaneous emission
as explained above. In QDs, the situation is more complex as carrier degeneracy is involved
with multi-exciton states recombination possible [136] [137]. These are influenced by the QDs
shape, structure, crystal orientation and other parameters. Considering a level system shown in
figure 2.27 with two electrons. The condition of optical transparency (shown in figure 2.27 (b))
needs to be avoided in order to sustain lasing. During this condition, the stimulated emitted
photon is reabsorbed by the ground state electron hence, no gain. A bi or more order exciton

state is required to achieve gain as shown in figure 2.27 (c)

a) b) c)

Figure 2.27 Illustration of carrier transitions in quantum dots leading to a) absorption b) optical
transparency and c) gain

There exist multiple challenges limiting radiative recombination within QDs hence, inhibiting
their use as optical gain media. Some of these include photo-induced absorption [138], surface
trapping [139] and Auger recombination [140].

Auger recombination is a form of non-radiative recombination where the excess energy
stimulate electron or holes to higher energy levels (phonon). Auger recombination has been
presented as the main challenge to QD stimulated emission [141]. Auger recombination
becomes very important in QDs due to the increased carrier interactions and loss in momentum

conservation because of QCE [142]. Several factors influence Auger recombination rate in
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QDs. Auger recombination tend to increase with increasing exciton concentration and
decreasing in dot size [141] [143].

Different mechanisms have been used for supressing Auger recombination. One involves
reducing the exciton-exciton interactions within the QD; this can be done by spatially
separating electron and hole wave functions using QD heterostructures. An example from the
CdSe QD are the type-1 CdSe/ZnS, quasi-type-Il1 CdSe/CdS CQDs and type-11 CdSe/ZnTe or
ZnTe/CdSe. Suppressing exciton interaction also leads to reduction in energy oscillation hence
reduction in stimulated emission in the case of type Il [144] for this reason, quasi type-II
alignment is the most promising in mitigating Auger recombination while still allowing low
optical gain threshold. Here, holes are confined in the valence band meanwhile electrons are
free to move in the conduction band. This causes reduction in electrons and holes wave
functions therefore reduction in exciton interactions [145] [146]. This configuration is possible
with QDs having thick shells, often called giant QD. Suppression of Auger recombination
(considerable increase in its lifetime) and reduction of optical gain has been reported on these
types of QDs [147].

Another way of reducing Auger recombination involves engineering the core shell interface.
Instead of an abrupt potential change potential change, a graded parabolic potential change can
be implemented by alloying the interface. This leads to decrease in initial and final state Auger
recombination overlap [148]. The alloyed interface QD configuration has also been found to

reduce the optical gain threshold [149].

2.10Transfer printing technique for micro/nano device assembly and

fabrication

Transfer printing refers to a novel technique for the deterministic assembly and organisation of
materials in micro/nano scale with high degree of precision, which can serve in functional
device fabrication [150]. The versatility, scalability and relatively low cost associated offered
by the technique makes it attractive for heterogeneous integration of electronic and optical
systems [151] [152]. This involves the use of an elastomeric moulded stamp with pedestals for
selective transfer of the ink (common term used to describe materials to be transfer printed
including solid materials [150]) onto receiving substrate [153]. The basis of transfer printing is
the fact that the stamp-ink adhesion can be kinetically controlled hence allowing picking of an
ink from its original substrate and printing on a new substrate. This technique offer advantages
of parallel stamp pick and printing leading to high through put and different sort of materials
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(metals, colloids, organic materials, inorganic materials and more) with different geometries
(quantum dots, nanowires, thin films, platelets and more) can be transferred onto a broad range
of architectures as required by the application [150]. Three different categories of transfer
printing exist Additive transfer, subtractive transfer and deterministic assembly as shown in
figure 2.28. In the case of additive and subtractive transfer, the stamp is used in shaping the ink
geometry before transfer. In additive, the ink is deposited all over the stamp using various
techniques such as physical vapour deposition, spin coating or casting. The material is then
printed on receiving substrate [154]. In subtractive transfer, the ink is deposited all over the
receiving substrate and then a stamp with selectively positioned pedestals is used to remove
specific regions of the film from the substrate, this is useful in material patterning. The last
category, deterministic assembly is particularly useful as it allow wide variety of materials to
be transferred as here, the ink processing on donor substrate is separated from the stamp transfer
printing on receiving substrate. This category will be discussed in more detail below for device

level transfer printing.

a) Additive transfer a) Subtractive transfer a) Deterministic transfer
1. Prepare stamp 1. Deposit continuous ink layer on donor substrate 1. Prepare ink structures on a donor substrate
Donor substrate
2. Deposit ink on stamp 2. Contact stamp; selectively retrieve ink structures 2. Contact stamp; selectively retrieve ink structures
from donor substrate from donor
ink
]
—— ]
3. Contact stamp; deliver ink structures to 3. Use ink structures on stamp and/or donor 3. Contact stamp; deliver ink structures to receiver
recelver substrates substrate substrate
Receiving substrate

Figure 2.28 Schematic illustration of different transfer printing types a) additive transfer b) subtractive

transfer and c) deterministic assembly, adapted from [150]

2.10.1.1 Anchored Transfer printing
Transfer printing of individual devices from original substrate to a different one for integration
on other platforms has been a topic of research with main challenges being yield and precision

on positioning [155]. Anchored transfer printing is a specific type introduced by the University
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of Illinois’s Rogers group [150] [155] [156]. This involves processing of the material (devices)
to be transferred, to form suspended coupons held by an anchoring system. In order to ensure
suspension of the coupon, its underlining layer (release layer) should have the ability to be

etched selectively. Figure 2.29 shows an example of an anchoring system using a polymer
Sacrificial layer PDMS stamp

L
substrate

Anchor definition  Sacrificial layer etched ~ Ready for transfer

Pick-
printing Ickeup
Transfer printed device
Anchor removal Printing Transfer

Figure 2.29 schematic illustration of an example of anchor transfer printing, adapted from [155]

The epilayer is patterned and anchored to the native substrate using a polymer; this is then
followed by removal of the release layer resulting to suspended coupon attached to the native
substrate by polymer tethers. A soft elastomeric stamp usually made of polydimethylsiloxane
(PDMS) is used to pick and transfer print the suspended coupon from native substrate to target
substrate. The PDMS stamp is usually made from a mould with dimensions corresponding to
the coupon to be transferred. The governing parameter determining the transfer print is the
stamp-ink and ink-target substrate adhesions, Van der Waals forces of attraction between the
ink and target substrate can be enough for printing but if that is not the case, an additional

adhesion promotion layer can be deposited on the targeted substrate.

2.10.1.2 Transfer printing mechanics

As mentioned above, the key parameters control of the transfer printing are the adhesion and
fracture mechanics between the coupon-tether, ink-stamp and ink-target substrate [150]. For
deterministic assembly transfer, the viscoelasticity property of the PDMS stamp is used to

control the stamp-ink adhesion profile using rate of transfer (velocity of separation) [157]
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[158]. Where, high velocities yield higher adhesions and lower velocities yield lower adhesions,
velocities of 10cm/s and <1mm/s were reported [155] respectively. The stamp-ink interfacial

adhesive strength G can be calculated using equation 2.50

¢ ==L (2.50)

w

Where F, w are the force and stamp width respectively

Delamination at point of contact is achieved via initiation and propagation of cracks at the
interface. Therefore, for retrieving (picking of coupon from original substrate), the interfacial
release energy of stamp-ink must be greater than that of the ink-substrate and for printing the
interfacial release energy of the stamp-ink must be lower than that of the ink-substrate [150].
Usually the ink and target substrate are rigid and hence, have constant interfacial release
energies. On the other hand, the viscoelastic nature of the stamp makes its interfacial release
energy velocity dependent. Figure 2.30 presents the interfacial release energy-velocity relation
with the retrieval point shown to occur at critical velocity vc. The critical velocity refers to the
threshold velocity where the dominant interfacial release energy switches interfaces. This is

dependent on the materials involved and the temperature.

vc can be calculated using equation 2.51

1

stamp n
ink _
Ve = U <u> (2.51)

Go

Where Go, n, v, Vo, Gk are the zero-velocity energy release rate, scaling parameter,

separation velocity, reference velocity, Stamp/ink interfacial release energy, reference velocity.
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Figure 2.30 Interfacial release energy-velocity plot with the retrieval point shown to occur at critical

velocity Ve.

Several novel strategies are also been employed to further influence the transfer printing such

as laser thermal treatment of stamp/ink to cause separation [159], addition of surface relief

features to improve stamp-ink contact hence increase adhesive strength of the interface [160]

shear assisted printing [161].
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3) Chapter 3 - Experimental techniques

3.1 Introduction

This chapter describes the experimental techniques employed for the fabrication and
characterisation of the hybrid optical microcavity devices. Fabrication techniques used include
photolithography, thermal evaporation, annealing, dry etching techniques (Reactive lon
Etching and Inductively Coupled Plasma Reactive lon Etching), profilometry, spin coating,
Plasma Enhanced Chemical Vapour Deposition (PECVD), wet etching techniques (KOH
solution etching of Si and HCL solution etching of Ti/Ni), transfer printing. The
characterisation  techniques include confocal photoluminescence (PL), micro
photoluminescence, Scanning Electron Microscopy (SEM), time resolved photoluminescence

and electroluminescence.

3.2 Fabrication techniques

3.2.1 Photolithography

Photolithography is a core process used for the fabrication of micro/nano electronics devices
and integrated circuits. Photolithography generally involves the patterning of a thin film
sacrificial layer deposited on a substrate using light (UV light mostly) shone through a
photomask. This patterned sacrificial layer protects specific areas of the underlying material
for subsequent processes such as further depositions, etching or implantations. The sacrificial
layer is photoresist, which is a photosensitive material. Photoresists exist in two polarity tones,
positive and negative photoresist [1]. Positive photoresist has the characteristic of having their
exposed areas to UV light removed (non-exposed areas are kept) upon development. Negative
photoresist has the characteristic of having their non-exposed areas to UV light removed
(exposed areas are kept) upon development. The photolithography process can be separated in
different steps, which are sample cleaning, dehydration bake, photoresist deposition, soft bake,

exposure, development and photoresist removal
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b) c)

Figure 3.1 Pictures of photolithography equipment a) The Karl Suss MJB3 mask aligner b) Electronic
Micro System Photoresist Spin Coater 4000 c) Hot plate

A three solvent cleaning step is usually performed at the beginning. This is to ensure that the
sample surface to be processed is clean from dirt and any contaminants. This involves cleaning
the sample in a fume cupboard using three different solvents n-butyl acetate (using cotton buds),
acetone and isopropyl alcohol. The sample is then blow-dried using a nitrogen gun. Photoresist
deposition on the sample is done by spin coating using an Electronic Micro System Photoresist
Spin Coater 4000 (image shown in Figure 3.1 (b)), this process is described in section 3.2.2.
The Karl Suss MJB3 mask aligner (shown in Figure 3.1 (a)) is used to perform UV light
exposure to the sample through a photomask, designed and fabricated for the required
patterning. Before exposure, the sample on the stage needs to be aligned to the desired matching
photomask patterns. This is done by moving the sample in the x, y and rotation (0) directions

until aligned, Vernier screws can be rotated for this. After alignment, the sample need to be
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brought in contact with the mask (this is to prevent/reduce light diffraction during the exposure).
An important parameter for efficient exposure is the supplied light power density [1]. For
proximity lithography (no contact), the minimum achievable linewidth (Wmin) without taking
into consideration the photoresist performance, can be calculated using equation 3.1 below [2]

Winin = Vad (3.1)
Where, A = radiation wavelength, d = exposure gap

Development involves dipping the sample in a developer solution for a specific time; the
developer solution is specific to the photoresist. Positive resist exposed areas are degraded by
exposure to UV light hence those areas become soluble in the developer solution. Meanwhile,
negative resist is naturally soluble in the developer solution and areas exposed to UV are
strengthened and become insoluble. The development process results in the patterning of the
resist and hence the subsequent process can be performed as required such as etching,
metallisation and other. Removal of the remaining photoresist is done using resist remover

solutions and oxygen plasma ashing.

3.2.2 Spin coating

Spin coating refers to a simple thin film deposition technique for liquid-based substances on a
surface. The sample to be coated is mounted on the spinner head. Then few drops of the coating
liquid are dispersed on top of the sample. This is then followed by spinning of the sample. The
centripetal force generated due to the spinning causes spreading of the liquid over the whole
sample surface and even coating of the surface. The spin speed and spin time are inversely
proportional to the deposited thickness. Another parameter affecting the yield layer thickness
is the coating solution viscosity [3]. Spin coating offers advantage of fast deposition at low cost

hence its attractiveness. Figure 3.2 below shows a representation of the process
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deposited \.

Vacuum chuck

Figure 3.2 diagrammatic illustration of spin coating technigque

3.2.3 Thermal evaporation

This refers to a physical vapour deposition process involving resistive heating of a metal in a
vacuum for its evaporation and subsequent deposition on a sample surface. The Edwards
thermal evaporators are used within the department (shown in Figure 3.3 (a) below). They
consist of a bell jar protected chamber held at a high vacuum of about 108 mTorr. This is thanks
to the combination of the rotary and diffusion pumps. Diffusion pump oil vapours are by-
products from the diffusion pump operation, they are prevented from reaching the deposition
chamber by liquid nitrogen inserted into the cold trap, and this causes their condensation and

extraction.

Implosion guard

~_Belljar

| Evaporation coil

Substrate on stage
Quartz crystal

microbalance
Baffle valve
e

_ == Vent
Nitrogen liquid supply

Roughing valve

Diffusion
pump

a) b)

Figure 3.3 Thermal evaporation images a) Edwards thermal evaporator b) schematic illustration of

thermal evaporator
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The high vacuum helps in increasing the evaporated metal particle mean free path and limiting
number of contaminants in the chamber. The metal to be evaporated is loaded into a tungsten
coil. The tungsten coil has a high melting point of about 5930°C which allow evaporation of
loaded metal without coil melting, this also limits the outgassing [4]. The coil is positioned at
a long distance of about 120mm away from the sample; this is to prevent high temperatures
from the heated coil to bake the photoresist mask. By flowing a high current (20 to 40 A)
through the coil, the metal is melted and then evaporated by the process of resistive heating.
The deposited thickness can be monitored in real time using the internal 1L150 quartz crystal
monitor. The crystal monitor is made of a crystal oscillating material whose resonant frequency

can be accurately measured and is calibrated to output thickness based on mass deposited.

3.2.4 Dry etching technigues (Reactive lon Etching and Inductively Coupled

Plasma Reactive lon Etching)

Dry etching generally involves the use ion (from reactive plasma) bombardments on the
material to cause etching on the surface exposed. The reaction takes place in a vacuum. They
are very useful in device fabrication especially for materials who are highly resistant to wet
etching techniques such as GaN for instance. They also offer anisotropic etching which is
sometimes desirable [5]. The two used dry etching techniques within the scope of the research
are Reactive lon Etch (RIE) and Inductively Coupled Plasma Reactive lon Etching (ICPRIE).
These are discussed below

3.2.5 Reactive lon Etch (RIE)

As the name implies, RIE uses the reaction of various gases together with the electromagnetic
field to produce a plasma. The plasma is generated by an RF generator across two parallel
electrodes. Reactive gases are input via the gas inlet and when the RF power exceeds the gas
breakdown potential, the gas particles are stripped of their electrons forming ions (hence
plasma). The electrons landing on the substrate plate create a negative bias, as the plate is
electrically isolated. Meanwhile the chamber walls are grounded. This leads to a bias between
the relatively positive plasma and negatively charged plate. The positively charged plasma ions
are accelerated downward vertically by the created electric potential, onto the sample holder
stage [6]. These reactive ions attack the surface of the sample to be etched by adsorbing and
bombarding the surface, hence etching. Different materials have different resistance to these
ions therefore different selectivity (generally metals such as Ni have lower etch rates than

dielectrics and polymers). Hence, certain materials can be used as patterned masks. An example
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of RIE etching process is the etching of dielectrics SiO2/SiNx, gases used are CHF3 and O at
flow rates 35 and 5 sccm respectively, RF power of 50W etch rates are about 45nm/min. The
RF power is directly proportional to the etch rate. Figure 3.4 below shows the schematic
representation of the process together with the JLS Design Plasma Technology RIE system

used

Generated plasma
\

Gas inject

b
Grounded \

chamber walls

Gas exhaus:c

a) b)

Figure 3.4 Reactive ion etch a) JLS Design Plasma Technology RIE system b) RIE process

illustration

3.2.6 Inductively Coupled Plasma Reactive lon Etching (ICPRIE)

The ICPRIE is an improved technique to the RIE described above. Here, a separate RF
connected coil is wrapped around the process chamber for plasma generation. By the process
of electromagnetic induction, a strong varying magnetic field is produced within the chamber
by varying the electric current flowing through the coil. This leads RF power plasma generation
controllability hence, high density plasma can be achieved [1]. A separate RF power is
connected to the sample plate, which controls the ions energy and directionality. Therefore,
high plasma density at lower operating pressure can be achieved leading higher etch rates and
less isotropy (more directionality) compared to RIE. ICP was used to mainly dry etch GaN.
The gases used where Cl, and Ar at gas flow rates of 45 and 12 sccm respectively, RF power
of 50W vyield etch rate of about 140nm/min. Figure 3.5 shows a schematic the Oxford
Instruments Plasmalab System 100 ICPRIE system used together with an illustration of the

process.
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Figure 3.5 Inductively coupled plasma reactive ion etch a) Oxford Instruments Plasmalab System 100
ICPRIE system b) ICPRIE process illustration

3.2.7 Plasma Enhanced Vapour Deposition (PECVD)

PECVD refers to a chemical vapour deposition technique used for the deposition of various
materials including dielectrics under vacuum. These dielectrics served as hard masking
materials and as Distributed Bragg Reflector (DBR) layers within the research. Precursor gases
are input into the chamber via the gas inlet and set between the RF generator electrodes and
the sample plate. They are injected at specific flow rates for a given time. RF power is used to
generate plasma which then encourages the chemical reaction [1]. The reaction takes place in
a vacuum, and the sample stage is set to high temperatures of 300°C relative to the chamber
walls 60°C. The high sample plate temperatures serve as catalyst to ions decomposition and
reaction on the plate, the low walls temperature has an opposing effect on the wall, hence,
maximising deposition on the plate. Contrary to RIE, the sample plate is grounded hence
limiting ion bombardment. The result is the deposition of homogenous solid coating on the

sample from gas reactants. Table 3.1 below shows the parameters for SiNx and SiO, PECVD

deposition
Deposited layer Gas reactants Deposition rates
SiO2 SiHs, N2O, N2 40nm/min
SiNy SiHa, NH3, N2 10nm/min

Table 3.1 SiNy and SiO, PECVD deposition parameters
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The deposited layers optical thicknesses can be measured using ellipsometry. Figure 3.6 below
shows the Plasma-Therm 790 series PECVD setup used

Gas inject

Generated plasma
RF bias
TN
AR
V)

| B |
Grounded E— J_

chambngalls
~—_

Heated substrate stage

Gas exhaust

Figure 3.6 Plasma enhanced chemical vapour deposition a) Plasma-Therm 790 series PECVD setup b)
PECVD process illustration

3.2.8 Anaerobic glove box

Organic polymers and quantum dots are subject to degradation when exposed to moisture and
oxygen atmospheric levels. This causes permanent quenching of their emissions, this
phenomenon is known as photo-bleaching [7]. For this reason, their processing needs to be
done inside a moisture and oxygen free environment therefore, the need of an anaerobic glove
box. In the anaerobic glove box, oxygen and moisture levels can be kept below 0.5ppm
concentrations. A KOREA KIYON glovebox system shown in Figure 3.7 below was used. The
system is equipped with a blower, which ensures gas circulation through the solvent trap and
purifier trap connected in series. The solvent trap is filled with material, which allows efficient
removal of solvents from the glovebox, and the purifier trap ensures removal of the oxygen
and moisture from the gas [8]. So the glovebox gas is permanently circulating through the
solvent trap and purifier trap before been fed back into the chamber, this ensure stable values
of relatively pure inert gas nitrogen. Regular nitrogen purging is also required to ensure

effective pure inert glovebox condition.
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Figure 3.7 KOREA KIYON glovebox system

3.2.9 Transfer printing
Transfer printing allows deterministic assembly of material layers by collection from their
original substrates, transfer and printing on new substrates [9] [10] [11]. An illustration of the

process is shown in Figure 3.8 below.

PDMS stamp

\

Picked DBR coupon

Printed DBR coupon :
. Spin coated PMMA

<) adhesion promoter

Figure 3.8 Transfer printing procedure of DBR coupon on glass substrate a) undercut DBR coupon
sample b) DBR coupon picked by PDMS stamp ¢) DBR coupon printing d) DBR coupon transfer
printed on new glass substrate
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Therefore, at least a two stage setup was required, one stage to hold the sample (sample to be
transferred and/or the receiving substrate) and on top of it, the stage to hold the PDMS stamp.
Figure 3.9 below shows an annotated image of the transfer printing system used. As detailed
in chapter 2, the viscoelastic properties of the PDMS stamps allow their adhesion to be velocity
controllable. Characteristic high and low speeds in the z direction (normal to the sample surface)
are required to perform the transfer printing. The systems vertical stage is responsible for this.
The vertical stage consists of a direct drive linear motor with a nitrogen gas piston. The purpose
of the gas piston is to reduce the load (from the heavy stage components) on the motor, this
can be important in maintaining the vertical stage suspended at a particular vertical position
and in providing a higher retraction force (speed). The vertical motor is connected to the
ensemble motion controller from Aerotech via an encoder. This motion controller has
characteristics resolution 2nm, repeatability +-75nm, accuracy of +-300nm, maximum speed
of 200mm/s and maximum acceleration of 1g. The motion controller can be controlled
manually via the software; ensemble motion composer and by programming using Aerobasic
code. High accuracy, precision and high resolutions are needed especially for micro devices
transfer printing. The PDMS stamp can be mounted on the vertical stage by sticking the stamp
to a 2x3 inches glass slide. The glass slide is then held in upside down position by a vacuum

chuck connected to a vacuum line.

The system also consists of an XY sample stage and a tilt stage. A vacuum chuck is mounted
on top of the stages and is connected to a vacuum line; this provides the opposing force to the
transfer printing retraction force therefore, holding the substrate to which the sample to be

transfer printed is attached fixed while the sample is pulled upwards.
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Figure 3.9 Transfer printing setup system

Visualisation of the process was also necessary to ensure good pedestal to coupon alignment,
pedestal-coupon contact for successful pick up and good picked coupon to receiving substrate
to ensure successful printing. Therefore, the need of a microscope setup. The set up consisted
of a halogen lamp source for illumination connected to the lens tube through a 50x50-beam
splitter for splitting and channelling light on both the sample and the camera. The lens tube
consisted of a 12x zoom magnification, navitar tube together with a 20x magnification
objective lens. The total tube magnification is dependent on the objective magnification, the
zoom magnification, the lens tube magnification and the camera sensor. The magnification
allowed visualisation in the micron scale as required for our device sizes. The lens tube could
also be displaced in the xyz directions for alignment and focusing thanks to the camera xyz-
alignment stage.

The system also consists of a load cell, which can be used to measure specific transfer print
parameters such as adhesion force. The load cell has characteristics hysteresis 0.05%, accuracy
+-0.005¢, capacity 10g and safe overload of 150%. The whole setup was held on a vibration
isolation table and enclosed in a Faraday cage for vibration isolation and electromagnetic filter
respectively. The system was also powered through a UPS to filter any noise from the mains.
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3.3 Characterisation techniques

3.3.1 Confocal photoluminescence

Photoluminescence (PL) is one of the most commonly used characterisation techniques for
optical devices. It involves the use of an external light source (typically a laser) with appropriate
emission energy (greater than or equal to the material’s band gap) to excite and promote
electrons in an optical material to the conduction band. Subsequent carriers’ recombination
leads to luminescence at energy equal to the carrier transition. This way, selective excitation is
possible, as only the material with smaller band gap energy will absorb the excitation source.
A good example is the InGaN/GaN QW system, a 375nm laser source will be absorbed by the
InGaN well (460nm emission wavelength) but not the GaN barrier (365nm emission
wavelength) as it has higher band gap energy hence transparent to the laser. This is illustrated
in Figure 3.10. The technique is powerful as it helps obtain information about the material’s
band gap energy, alloy composition, and stress [12]. In addition, PL characterisation is
relatively quicker compared to the electrical counterpart as PN junction and additional

fabrication steps can be avoided.

GaN  InGaN ©3N

P-GaM
GaN/fIGaN QW
375nm & 165nm
M-GaN 460nm
Buffer layer
Substrate '
a) b

Figure 3.10 InGaN/GaN multi quantum well (MQW) a) structure of the MQW device b)

energy level diagram of the MQW showing selective excitation using 375nm laser

Confocal PL is a type of PL where only part of the emission, that is the one focus on a pinhole
is collected and measured [13]. This allows single point excitation (360nm) and spatial
resolution collection thanks to the 10um pinhole. Therefore, a rejection of out of plane signals
leading to better image contrast. A schematic representation and actual image of the confocal
PL system used in this study is shown in Figure 3.11 below. The system consists of a XYZ
piezoelectric scan stage having sub-nanometre precision with ranges 100x100um laterally and

20um axially. Beneath the scan-stage is a coarse alignment stage with XY range of 20mm. A
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375nm stradus laser diode (from Vortran Laser Technologies) excitation source whose
emission is coupled to a single optical fibre and channelled to the optics. The laser is then
passed through a shutter, onto a 100x magnification 0.95 numerical aperture (NA) objective
which focuses the source on the sample. The emitted light from the sample is collected by the
same 100x objective, filtered (to remove any laser light trace), and channelled to the
monochromator via a 10um diameter multi-mode PhC optical fibre. The optical fibre here acts
as collection pinhole as any light not focused to it will be ignored. Therefore, good alignment
for maximising collection is important. The 300mm Princeton Instruments SpectraPro 300i
Czerny-Turner spectrometer serves in dispersing the collected light, which is then detected by
the DU9770N-UVB-353 CCD array (from Andor Newton) cooled at -60°C to keep dark current

generation at minimum

monochromator

\/’Image camera

R — g

sample

XYZ piezo stage

a) b)

Figure 3.11 confocal photoluminescence a) schematic illustration of the system b) diagram of actual

set up

The system spatial resolution that is, the Full Width at Half Maximum (FWHM) and mean
wavelength (A”) can be calculated using equations 3.2 and 3.3 below. It can clearly be seen that
the system’s spatial resolution depends a lot on the excitation and emission wavelengths. The

available Witec software allow mapping of the PL spectrum over the calculated resolution.

91



}L’
FWHMgpatia = 037 . 2= (3.2)

}\l — \/i ) Aexcit - Aemiss (33)
AZ et A2

exct emiss

For a GaN based LED emitting at 450nm, A’ can be calculated to be approximately 407.41nm
and FWHMg,4¢iq; 158.68nm

3.3.2 Micro photoluminescence (UPL)

A schematic of the uPL system is shown in Figure 3.12 below. The system offers both
continuous wave (CW) laser and pulsed waved laser excitation hence, an extra feature
compared to the confocal PL above. This is thanks to the 375 nm laser diodes (CW and pulsed
laser diodes) connected to the system, selection of the laser to be used is done using the flip

mirror positioning.

375 pulsed 375 CW laser diode

laser diode 90 degree
' flip mlrmr
Fixed mirror

Laser sync {

i
I

" E AN
Detector signal

- Dichroic
mirror

Single
f#
I / -
| Objective
550nm monochromator Fibre collimator

photon PMT
Figure 3.12 Schematic illustration of micro photoluminescence system and Time Resolved PL

The laser beam is then passed through an absorptive filter. This allows attenuation of the laser
power hence allowing power dependent measurements. The CW laser power can also be varied
directly from the laser itself up to powers of 60mW. The pulsed laser has properties; pulse
width 50ps and average power ImW. Upon reaching beam splitter 1, the laser beam is reflected

on to the sample through the objective lens. The beam splitter has up to 99% reflectivity for
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wavelengths less than 412nm. The objective lens has properties magnification 50x and
numerical aperture (NA) 0.42, this is high magnification leading to a small spot size on the
sample. The spot size can be calculated using equation 3.4 below, this gives a spot size diameter

of 1um.

dopor = 1.22 . (%) (3.4)

Measurements can be done at varying sample temperatures thanks to the cryostat ST500 from
Janis microscopy serving as stage on which the sample is mounted. Here liquid nitrogen can
be used to vary temperatures from 77K to 300K. The cryostat also isolates the sample from
unwanted vibrations, which can be detrimental especially at such nm scale distances. The
sample can be moved by micron distances using the X-Y-Z positioner. The sample emission is
collected by the 50X magnification lens and reach the beam splitter 2 (50 by 50 beam splitter)
where half of the beam goes to the CCD for imaging and the other half to the 0.55m IHR
550mm spectrometer. The CCD for imaging allows real time visualisation of the sample on its
stage, this is important in localising the laser spot. The spectrometer disperses the light, which
is then detected by another CCD TE cooled at -70°C.

3.3.3 Time Resolved Photoluminescence (TRPL)

Time resolved PL refers to a characterisation type where the excitonic decay dynamics of an
emitter can be measured. This consists of the spontaneous recombination emission decay times
and depends on the radiative recombination, non-radiative recombination process and the
environment [14]. The non-radiative component can be considered negligible when the
measured samples are frozen to temperatures of about 6.5K as the non-radiative recombination
mechanisms drastically reduces [15]. The decay is usually measured after a short pulse

excitation.

The system within the department is a time correlated single photon counting system (TCSPC).
The system involves periodic excitation of the sample using a pulsed 375nm laser diode with
properties pulse width 83ps, average power of 0.1W and repetition rate of 10MHz. This is
followed by measurement of the sample emission; this is done using a hybrid photomultiplier
(PMT) detector from Becker & Hickl. The Hybrid PMT has a response of about 120 ps. Ideally,
the detector will measure 0 or 1 photons per excitation therefore, for full decay measurement
with low signal to noise ratio, millions to billions of excitations are done. The pulsed laser
diode is synchronised to the PMT detector via a TCSPC card having FWHM 6.5ps. The
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Instrument Response Function (IRF) whose width gives an indication of the timing resolution
is given by equation 3.5 below. As it can be seen from equation 3.5 below, the IRF is dependent
on the laser, detector and TCSPC FWHM. This gives an IRF of about 150ps.

IRF = \/FWHMfaser + FWHMgetector + FWHMTZ"CSPC (35)

The measured decay plot consists of both the emitter decay and the IRF therefore, the IRF need
to be considered. Deconvolution of the plot is needed to obtain the real decay curve and this is
done using FluoFit software from PicoQuant. Within the software, the decay can be fitted with
a sum of exponential decay plots; commonly a bi-exponential is used as shown in equation 3.6

below

t t
I(t) = 1416_H + 1426_a (36)
Where A1 and A: are the fast and slow decays respectively, 11 and T2 are the fast and slow time

constants respectively

3.3.4 Electroluminescence (EL) and reflectivity measurement

EL refers to an optical characterisation technique, which involves measurement of optical
radiation from a sample upon electrical excitation. During EL, electric charges are injected into
the material via electrodes. A good example is the EL of LED (P-N junction). Connecting the
LED in a forward bias (that is P connected to the anode and N connected to the cathode) allow
electrons and holes to be injected from the cathode and anode respectively. When the applied
electric potential is greater than the threshold voltage, carriers are allowed to move across.
Recombination of the carriers in the active region leads to radiation hence, electroluminescence.

Figure 3.13 below shows a schematic representation of the EL setup.
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Figure 3.13 Illustration of the electroluminescence setup

The setup consists of a motorised XY stage on which the sample can be mounted and aligned
to the optical axis. A probe station is also available for probing. This consists of two tungsten
probe tips (600nm tip dimensions) to serve as anode and cathode. They can be moved at micron
scale, a Keithley 2400 source meter unit for setting and measuring current and voltages and a
digital camera (XIMEA xiQ global shutter CMOS colour video camera, having a 12x
UltraZoom Navitar lens tube) mounted on top of the sample for visuals of the probing. Emitted
light from the sample is collected by an objective lens with properties NA 0.42 and
magnification 50x. The working distance of the objective to the sample is about 20.5mm. The
collected light is passed through a 5050 beam splitter and then focussed onto the fibre
collimator. The light is then channelled via a multimode optic fibre with diameter 400um and
NA 0.22 to the shamrock 500i Czerny-Turner monochromator and CCD from Andor Newton
for dispersing the light and measurement of the spectrum.

The same system set up is used to perform reflectivity measurements. This is done using a
halogen broadband lamp source focused on the sample using the same optics as described
above (beam splitter and objective). The reflected light is also channelled to the
monochromator and CCD using the same path as during the electroluminescence. Figure 3.13

above shows a schematic representation of the system.
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3.3.5 Scanning Electron Microscopy (SEM)

SEM refers to a very powerful microscopy technique offering high resolution and
magnification visualisation of materials. Here, electrons are used for the imaging of the small
features. Figure 3.14 below shows a schematic representation of the system. Electrons fired
from an electron gun are accelerated and focused on the sample thanks to the action of
condenser lenses, the deflection coils and final lens. This leads to a small electron beam spot
(between 0.4nm to 5nm) which scans across the sample in a raster way [16]. Upon incidence
with the material to be imaged atoms, various events can occur [17]; electrons getting reflected
back, electromagnetic radiation emission, scattering which can be inelastic or elastic resulting
to secondary electrons and backscattered electrons emission respectively. Secondary electrons
are ejected from the conduction or valence band of the sample’s atoms and have relatively low
energies of <560eV (few nm from the sample surface) [18] detected by the secondary electron
detector. Detection is done by accelerating the secondary electrons onto a scintillator to emit
flashes. These flashes are converted to amplified electrical signals thanks to the photomultiplier,
allowing the production of a 2D intensity distribution digital image (upon analog-digital
conversion). The intensity of secondary electrons reaching the detector is dependent on the
incidence beam angle on the sample surface where the steeper the surface the brighter the image
hence, providing 3D imaging. Backscattered electrons are instead higher energy electrons and
are detected by a special backscattered electron detector. Backscattered electrons can be used
to provide compositional contrast of the imaged sample thanks to the difference in
backscattered electrons atomic number detected at the detector (higher atomic number ones
appear brighter than low atomic number one) [16] [18]. SEM of non-conducting samples will
lead to accumulation of the charges on the sample’s surface leading to poor imaging. For this
reason, conducting samples yield better images. The SEM is a critical tool in the monitoring of

nano and micro scale devices and features.
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Figure 3.14 schematic illustration of the scanning electron microscope

3.3.6 Profilometry

Profilometry refers to a characterisation technique used for the measurement of a surface
profile, this include information about surface roughness, step height and surface flatness [19].
Two main types exist contact and non-contact profilometry. Non-contact methods are usually
optical by nature. Contact profilometry involves the use of a diamond stylus in contact with the
surface to carry out measurements. The stylus is lowered vertically on the surface to be
measured and then moved horizontally with a specific force, velocity and distance. As the
stylus moves across the surface, it is caused to move in vertical directions due to the sample
roughness. The vibration movements are then converted to an analog then digital electrical
signal, which can then be displayed as height-position plot on the computer. The measurement
resolution is dependent on the set scan speed and sampling rate of the data during analog to
digital conversion. Typical diamond stylus has a tip radius of ranging from 10nm to 1mm [19].
The Veeco Dektak 150 profiler shown in Figure 3.15 below was used during this research for

average step height (ASH) measurements.
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Figure 3.15 Veeco Dektak 150 profiler

3.3.7 Ellipsometry

Ellipsometry refers to a technique that measures the change in polarisation of light as it is
reflected or transmitted through a thin film for determination of the thin film properties [20].
Ellipsometry is commonly used for determining thin films optical constant (refractive index
and extinction coefficient) and thickness. Other properties that can be measured using
ellipsometry include; material composition, roughness, crystallinity and more. Figure 3.16

present an illustration of the ellipsometer configuration.

Light source

Detector

Polariser Rotating analyser

Sample

Figure 3.16 diagrammatic illustration of ellipsometer
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Unpolarised light is produced by the light source, this light is then polarised by the help of the
polariser (oriented to allow both the p and s components to be transmitted). The transmitted
light incident on the sample and undergoes both reflection and refraction. The reflected light is
collected by the analyser and detected by the detector for conversion into electrical signal. The
measured signal (reflected) is then compared to the original signal (incident) and the change in
polarisation extracted as defined in equation 3.7. This change in polarisation (p) is measured
and plotted in terms of two parameters over a range of wavelength; polarisation amplitude (V)

and phase change (A).

p = tan(¥)e (3.7)
In order to obtain the properties of interest, a model describing the sample needs to be built and
simulated to produce the expected response using Fresnel’s equations [20], this is done using
known or estimated values. The resulting response is compared with the experimental response
to achieve the best fit possible, variation of the unknown material’s properties followed by
subsequent simulations are usually done. The Mean Square Error (MSE) value quantifies the
responses differences where the smaller its value, the closer the fit. Film thickness is measured
thanks to the reflected and transmitted light interference therefore; the material needs to be
transparent at the measured wavelengths. It should be noted that the thickness and optical
constant measurements are not independent of each other and therefore must be measured

simultaneously for best results
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4) Chapter 4 - Development of heterogeneous fabrication
approaches for the fabrication of microcavity devices by
transfer printing

One of the factors limiting the development of optical microcavity based devices is the
limitation offered by the current conventional fabrication that is direct epitaxy and laser liftoff.
Despite their numerous advantages, they also have some limitations such as costly process,
extreme deposition conditions harmful to some active materials, limited compatible DBR
materials within the GaN material series and small reflectivity bandwidth for the available
compatible DBR configuration AlIGaN/GaN DBRs due to the low refractive index contrast [1],
limiting the types of active materials possible. We present a new platform for the heterogeneous
integration of active materials of different forms and shape into optical microcavity via
deterministic transfer printing. The platform involves the release of grown dielectric DBRs
from their original substrate Si by KOH wet etch, followed by their transfer printing as stacks
to form optical microcavities. Transfer printed dielectric DBR coupon showing high
reflectivity of 99% and large bandwidth of 95nm were demonstrated. Passive microcavity with
spacer layer PMMA was also fabricated. The platform showed a DBR coupon yield of almost
100% when optimised. Theoretical COMSOL simulations are also included to support the
obtained results. All fabrication and characterisations steps including challenges encountered

with their resolutions are presented below.

4.1 Introduction
Light-matter interaction is at the basis of most optoelectronic phenomena like the cavity

quantum electrodynamics (QED) phenomena [2] and devices applications such as Resonant
Cavity LEDs (RCLEDs) [3][4][5][6][7] and Lasers [8][9][10]. The effective control of such
interactions is usually desired and this is achievable thanks to quantum micro-cavity structures

[11] [2] [12][13]. These are planar Fabry-Perot based optical cavities having optical lengths
comparable to processed light wavelength (mTA) [2][14]. These structures usually employ

Distributed Bragg Reflectors (DBRS) as reflectors thanks to their spectrum band selective high
reflectivity properties [15]. One of the determining factors affecting the light-matter interaction
in microcavities is the cavity’s quality factor (Q). The cavity’s quality factor is highly
dependent on the DBRs and cavity layers scattering, absorption and reflectivity losses [16].
High cavity quality factor is desired for optimal light-matter interaction. Effective integration

of active material medium in such cavity in a non-destructive way without adding defects is
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usually the limiting factor during their fabrication. Therefore, the mainstream fabrication of
such micro-cavities generally involves monolithic integration that is, direct epitaxial growth
techniques such as MOCVD and MBE of lattice matched DBRs and the inorganic quantum
well active medium. This is because of the benefits they offer such as in situ fabrication and
higher DBR conductivity compared to other DBR types. This allows for direct electrical current
injection through the DBRs and the minimisation of the Joule’s heating effect thanks to
effective heat dissipation [17] [18]. However, they also present some drawbacks. First, the
epitaxy growth processes are costly and complex with extreme deposition conditions of high
temperatures and low pressure, which can be destructive to some classes of active layers
emitters such as polymers. Secondly, slight lattice mismatch between DBR and active material
will lead to defect propagation hence lowering the cavity’s quality factor. Only a few lattice
matched DBRs-active layers exist, especially in the GaN series, AIGaN/GaN DBRs and air
based DBRs [1]. Finally, the small refractive index contrast existing between the latticed
matched DBR configuration (in the exception of air based DBRs) leads to small reflectivity
linewidth. This limits the amount of materials that can be incorporated in such cavities as
emitter emission and cavity mode overlap is a requirement for resonance. The encountered
challenges discussed above when monolithically integrating different active and passive
components to form microcavity devices has been one of the major factors limiting their

widespread on the market hence, the need for new heterogeneous integration technologies.

Recently developed transfer printing technique provide an effective method for the
heterogeneous integration of various optoelectronics systems with potential of high yield and
throughput [19] [20] [21] [22]. Various ink releasing techniques from their original substrate
has been reported such as laser lift off and epitaxial lift off but they are less controlled
processes. Anchor undercutting is another releasing technique, which involves the effective
undercutting of the epilayer, leaving a suspended ink attached to the anchoring system; this
offers a more controlled release and hence transfer printing [19] [23] [24]. We here by
demonstrate a platform for the simple assembly of optical material systems (standard dielectric
SiNx/SiO2 DBR and emitter) in order to form microcavity devices demonstrating microcavity
effects. This platform involves the release of the DBR from their original Si substrate by anchor
undercutting and transfer printing as stacks sandwiching the emitting layer. It is important to
note that this platform is applicable to various material series and configurations requiring

heterogenous integration.
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Standard SiNx/SiO; dielectric DBRs were chosen as they mitigate some of the issues mentioned
above as they offer a wide range of available compatible material configuration, larger
refractive index contrast and less costly growth processes such as sputtering and chemical
vapour deposition processes. In addition, their extreme growth conditions will not have any
impact on the active material as they are heterogeneously integrated. It should also be
mentioned that dielectric DBRs have low conducting and heat dissipation properties due to
their dielectric nature, hence additional device processing is required to ensure electrical
injection (for example (intra-cavity current spreading layers [1]) and heat sinking (for example
cavity lengthening, 3D CMOS heat sinks [25][17]).

4.2 Platform development
DBR mirrors are key components of resonant micro-cavity structures as they offer the required

optical confinement. The micro-cavity fabrication platform can be separated into multiple steps
PECVD growth of DBR, anchor undercutting of the grown DBR, Transfer printing fabrication

of the empty micro-cavity. Below is a detailed description of these steps.

4.2.1 PECVD growth of DBR
As far as the DBR is concerned, micro-cavity design conditions required for strong optical

confinement and hence optimal resonance are high reflectivity (close to 100%) and reflectivity
band overlap with the emitter emission as discussed in Chapter 2. The peak reflectivity and
bandwidth of a DBR is given in section 2.3.2. The refractive index contrast and the number of
layer pairs are critical for the DBR reflectivity peak and line width.

SiNy/SiO2 DBR was used having SiNx and SiO2 as high and low refractive index materials
respectively. SiNy and SiO2 were grown by PECVD and their growth rate and refractive indices
needed to be calibrated. This was done by separately PECVD growing them on Si using
PECVD (Plasma therm 790 series) followed by ellipsometry measurement of their thicknesses
and refractive indices. Gasses used were SiH4 (160sccm), N2O (900sccm) and N2(240scecm) for
SiOz and SiH4(160sccm), NHz(5scecm) and N2 (900scem) for SiNyx. The growth conditions were;
stage temperature of 300°C, pressure of 900mTorr and RF power of 25W. Five samples of each
materials with thicknesses approximately 200nm were used for the calibration. The growth
calibration experiments revealed SiNx and SiO2 growth rates of ~ 10nm/mins and 40nm/mins
respectively on average. The best-measured ellipsometry refractive index plots of the layers

are shown in Figure 4.1.
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Figure 4.1 Ellipsometry measured refractive index dispersion of dielectrics a) SiNx b) SiO;

For a A, of 560nm, the SiNx and SiOz refractive index at this wavelength are 1.923 and 1.465
respectively from figure 4.1. A4 can be calculated to be = 97.9nm, with N = 12.5 (n, is air and
n, silicon); a high reflectivity of approximately than 99% can be calculated. Hence, ensuring

high reflectivity peak and wide linewidth
Ac
nHTH + nLTL = 7 (41)

Where Ty, and T;, are the geometrical thicknesses of high and low refractive index materials

respectively

Equation 4.1 depicts the DBR layers thickness condition in order to ensure constructive
interference between the multiple layers Fresnel reflections. The sum of alternating pairs
optical thickness must be equal to half the Bragg wavelength [26]. As it can be seen, the optical
thickness of the grown dielectric layers is critical in determining 4. (and hence the position of
the reflectivity band). DBR layer thicknesses of SiNx/SiO2 54/120nm were chosen which
satisfy equation 4.1 for A, of 560nm. Theoretical simulations were also carried out using the
software COMSOL multiphysics wave optics module. A 1D simulation was done; schematic
representation of the structure was drawn with stacked materials having constant value
thicknesses and refractive indices (fixed value that is refractive index at A, of 560nm) from the
ellipsometry calibration done above (hence step index structures). Plane wave electrical field
power excitation was done at right angles. Figure 4.2 presents the simulated DBR reflectivity
spectrum and the measured as grown DBR (fabrication described in section 4.2.2) reflectivity

spectrum.
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Figure 4.2 Reflectivity spectrum plot of the grown DBR and COMSOL simulation

Peak reflectivity of =~ 99.9% (reference to standard calibration mirror STAN-SSH-NIST
specular reflectance standard from Ocean Sight) can be seen from both curves, which
corresponds to the calculated value of 99.9% above. The reflectivity bandwidth of the
simulated reflectivity matches perfectly with measured bandwidth of =~ 98nm (97.9nm
calculated above), that of the as grown is also very close with a measured bandwidth of ~ 95nm.
This agrees well with the experimental results validating the calibrations and DBR growth
process. The slight difference could be because of non-uniformity in deposited layers

characteristics (thickness and refractive index) over the full DBR stack.

4.2.2 Anchor undercutting of the grown DBR
Anchor undercutting involves undercutting the material from its substrate while it remains

attached to the wafer via tethers and anchors. This fabrication step can be divided into multiple

different stages

e <110> crystallographic orientation direction marks definition on Si (111) wafer
e PECVD growth of the DBR

e DBR patterning as coupons attached to anchors by tethers by metallic masking followed

by RIE etch (with anchors aligned parallel to <110> orientation lines)
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e DBR coupons undercut by KOH wet etch
e Metallic mask stripping by HCI wet etch

Due to the anisotropic crystallographic KOH wet etch of Si; anchor undercutting can be
achieved on materials grown on Si (111). KOH Si etch rate along the <110> direction is more
than 100 times greater than along the orthogonal direction [27] [28]. Therefore, proper

alignment of the coupons to the <110> direction is important.

<110> Orientation Grown DBR

lines

Figure 4.3 a) <110> orientation lines definition by RIE etch b) DBR grown by PECVD

First, the <110> orientation lines had to be created on the Si wafer, this was done via
photolithography; three solvent cleaning of the wafer in n-butyl acetate, acetone and isopropyl
alcohol. This was followed by dehydration baking of the wafer at 100°C for 1 minute on the
hot plate (electronic microsystems). Then, spin coating of positive resist SPR 350 at 4000 rpms
for 30s using the spinner, soft baking at 100°C for 1 minute. This was followed by exposure on
the Karl Suss MIB3 UV400 mask aligner (= 2.51 mW/cm™ power density) for 4s, development
in MF26A developer for 60s and finally oxygen plasma ashing (O2/250sccm 150W 45s) using
the asher (PVA Tepla). This yielded a 1.5um thick patterned resist mask. Post
photolithography, the patterned masked Si (111) wafer were then submitted to dry RIE etch
(CHF3/O2 35/5 sccm, RF power of 150W) for 6 minutes, this achieved 15um wide,
approximately 150nm deep orientation lines with 8um separation as illustrated in figure 4.3 a).

This pattern corresponded to the photo mask used during exposure.

The DBR with required reflectivity peak (99%) and stopband width (97nm) as derived from
section 4.2.1 could then be grown. This was done using the PECVD where 12.5 pairs of
SiNx/SiO2 54/120nm thicknesses were grown with single layer times of 324s and 180s
respectively. The resulting grown DBR on patterned Si (111) substrate is shown in figure 4.3
b). SEM cross section image of the grown DBR is shown in figure 4.4 showing the 12.5

alternating dielectric pairs.
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Figure 4.4 Cross-section image of 12.5 pairs SiN,/SiO; dielectric DBR

Photolithography mask required for the patterning of the grown DBR on Si as arrays of coupons
attached to anchors by tethers were then designed and fabricated. Different sets of masks were
designed with various DBR coupons geometries, sizes and tethers geometries, sizes, numbers
and positions. This was done using K-layout software and fabricated by Compugraphics, a
mask fabrication company. Figure 4.5 shows an illustration of the main mask patterns used for

100x100um coupon sizes.

Tether
Anchor

Coupon

W <110>

Figure 4.5 Illustration of designed and fabricated mask patterns for 100x100um coupon sizes; shaded

areas are etch windows to form DBR coupons of various designs

As it can be seen, the devices coupons are attached to the anchors by tethers and are arranged
to allow parallel anchors alignment to the <110> direction (that is , anchors should be aligned
parallel to the orientation marks lines made above). This is important in preventing

undercutting of the anchors during the undercut of device coupons by immersing in KOH
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solution (described later). Using the photolithography mask, the grown DBR could then be
patterned into coupons attached to anchors by tethers using a form of masking followed by RIE

dry etching.

The first attempt involved the use of PMGI (Polydimethylglutarimide) plus thick resist SPR220
(total thickness of = 4.3um) to serve as dry etch mask for the RIE etching. This was attempted
due to convenience of faster processing with fewer steps required. Therefore, in this case, the
shaded areas in Figure 4.5 were the exposed surface during photolithography. Photolithography
was performed but this time using thick SPR220 resist, care was taken to make sure the anchors
are parallel oriented to the <110> orientation line previously made. This yielded an SPR220
mask of thickness ~ 4.2 um. RIE etching (CHF3/O2 35/5 sccm, RF power 150W) calibrations
were done to obtain the etch rates of SiNx/SiO2 and Si, = 105nm/min and 25nm/min
respectively were calculated. The sample was RIE etched for 40 mins; this allowed etching
through the full DBR dielectric stack and into the Si substrate to a depth of = 500nm. This was
followed by stripping of the any remaining SPR 220 resit by agitating the sample in resist
stripper (posistrip EKC830) for 60s followed by oxygen plasma ashing. The final step involved
anchor undercutting the grown DBR by submerging the wafers in hot aqueous solution of KOH
(25%wt concentration) at 70°C for 50 minutes for 100/200um coupons (so undercut etch rate
of = 2um/min). Microscopic images of the resulting sample are shown in Figure 4.6 taken using

the optical microscope (Olympus).

Figure 4.6 Optical microscope image of undercut DBR coupons — sample with PMGI + SPR220
mask, showing damage to the DBR coupon surfaces

Damaged DBR surfaces can be seen from the microscopic images with clear pinholes. This
result pointed to the fact that the PMGI+SPR220 masking was not successful at protecting the
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underlying DBR from reactive ion bombardment RF generated plasma RIE dry etching process

and the KOH wet etch attack on the DBR layers. Therefore, better masking was required

RIE etched Metallic mask
structure

DBR coupon

tether

Undercut
DBR
coupon

Anchor

Figure 4.7 DBR anchor undercutting process a) Ti/Ni metallic masking by thermal evaporation b) RIE
etch of DBR into coupons patterns ¢) DBR coupon undercut by KOW wet etch d) metallic mask
stripping by HCI wet etch

Metallic masking was the obvious choice. This involved lithography patterning as described
above but this time using polydimethylglutarimide (PMGI) resist spun at 4000 rpms for 30s
followed by soft baking at 180°C for 7 minutes. The PMGI acts as a lift off release layer and
undercuts during the resist development. SPR350 resist was then deposited as described above.
In addition, it should be noted that the mask polarity in figure 4.5 was then reversed, that is the
non-shaded area was now the exposed area (resist area to be removed post development). After
exposure, development and ashing, deposition of the metallic mask could then be performed.
Thermal evaporation of metals Ti/Ni with thicknesses 50/200nm respectively was done
followed with lift off by submerging and agitating the sample in resist stripper (posistrip
EKCB830) for 60s and ashing for 2 mins. This revealed metallic mask pattern covering the
coupons, tethers and anchors areas of the DBR as shown in Figure 4.7 a). Ti serves as adhesion
layer to Ni and both served as hard mask for the next steps RIE etching and KOH undercut
etch. RIE etching (CHF3/02 35/5sccm 150W) the sample for 40 mins allowed etching through
the full DBR dielectric stack and into the Si substrate to a depth of =~ 500nm as above. Figure
4.7 b) shows a representation of this stage of the process. Anchor undercutting was then

performed as above, illustrated in figure 4.7 c). Finally, the metallic mask needed to be removed
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and this was done by submerging the sample in hot aqueous solution of HCI (7% volume
concentration) for = 20 minutes at 70°C, shown in figure 4.7 d). The resulting sample shown
in figure 4.8 a) (made with different mask showing the different tether designs) shows better
quality DBR proving the high resistant masking abilities of the Ti/Ni metallic mask compared
to SPR220 resist

a) b)

Figure 4.8 Microscopic image of undercut coupon — sample with Ti/Ni metallic mask, showing non-

damaged DBR but DBR coupon collapse a) optical microscope image b) SEM

It can also be seen from figure 4.8 b) that the undercut coupons are not suspended but rather
collapsed and bonded to the underlying Si substrate surface. This bonding is mainly due to the
Van der Waals forces that could exist between the two flat surfaces, DBR bottom surface and
Si surface underneath. This was revealed a major issue for the transfer printing stage as the
coupons though undercut could not be picked up even when using retraction speeds greater
than 20mm/s. This was potentially due to the van der Waals forces been too strong, meaning
the coupon collapsed and got stuck to the surface. Therefore, to solve this problem, VVan der
Waals bonding had to be avoided completely and this was done by increasing the Si etch depth
by RIE from 500nm to =~ 2um. Therefore, the process was repeated but this time with RIE etch
time of =~ 140 minutes to achieve =~ 2um Si etch depth. Microscopic image of resulting sample

is shown in figure 4.9.
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Figure 4.9 optical microscope image of poor yield DBR coupon due to non-optimised tether strength

Broken tether

— coupon lost before transfer printing attempt

As it can be seen, the coupons did not remain after the etching, as they were washed away from
the sample due to the breakage of their tether prior to transfer printing therefore, low DBR
coupon yield. This was an indication of weak tethers not able to sustain the coupon weight.
Therefore, the tethers needed to be strong enough to carry the coupons weight in order to
maintain their suspension. As our tether thickness was already fixed by the DBR thickness
itself of 2.1um, the tether width, length, shape (rectangular and trapeziodal), number and
positioning was used for optimising the tether strength for coupon suspension (this is shown in
figure 4.9). For coupon size of ~ 100x100um square or 100um diameter circle with thickness
~ 2.1um, triangular shaped tether with dimension height and bases 13.5um, 13um and 83um

respectively as shown in figure 4.10
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Figure 4.10 Optimised tether dimensions for 2.1um thick, 100x100um size coupon

A new mask were then designed and fabricated with tether dimensions above. Microscopic
image showing the half undercut and full undercut respectively of the DBRs using the new

mask with optimised tether sizes after the full anchor undercut process are shown in figure 4.11.

Figure 4.11 Optical microscope image of optimised masking and undercut for 2.1um thick, 100um

diameter DBR coupon after 27mins immersion in KOH solution showing partial coupon undercut

As it can be seen, good quality DBR coupons were obtained with yield close to 100%. An SEM

an array of suspended coupons is shown in figure 4.12
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Figure 4.12 SEM image of undercut DBR coupons showing coupon suspension and very high yield.

As discussed, various parameters of effective masking for the RIE etch, Si RIE etch depth and
tether dimensions and shape needed to be optimised to achieve high quality, suspended and

high yield DBR coupons respectively. The sample is now ready for transfer printing

4.2.3 Transfer printing fabrication of the F8BT microcavity
Deterministic transfer printing was used for the assembly and fabrication of the F8BT resonant

micro-cavity. Pedestalled stamps with elastomeric properties are essential for this process,
polydimethylsiloxane (PDMS) based stamps were chosen thanks to their viscoelastic properties
making their adhesion velocity dependent. The fabrication of such stamps and the microcavity
deterministic transfer printing are described below

4.2.3.1 PDMS stamp fabrication

Double casting PDMS stamp process was performed. This involves the use of a master mould
made out of patterned (pedestal pattern) photoresist on a solid substrate such as glass or silicon.
This master mould is then used for the casting and curing of a PDMS sub master mould, having
inverted pattern compared to the wanted pedestalled stamp. This PDMS sub-master mould
finally serves in the casting of the pedestalled PDMS stamp. Double casting reduce the amount
of casting on the master mould as the PDMS sub master mould is mainly used hence, longer

master mould lifetime. Detailed fabrication procedure of all structures are given below
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Figure 4.13 SU-8 resist master mould fabrication a) cleaved and cleaned Si piece to serve as substrate
b) Spin coated SU-8 resist. Considerable edge bead c) Flatter SU-8 layer after edge bead treatment d)
SU-8 master mould consisting of pedestalled SU-8 after photolithography

SU-8 2050 thick negative resist (from MicroChem) was selected for the fabrication of the
master mould by photolithography. Figure 4.13 shows the SU-8 master mould fabrication. A
silicon (100) wafer was cleaved to small substrate with dimensions = 1.5x1.5cm, then it was
solvent cleaned using solvents n-butyl acetate, acetone and isopropyl alcohol (all (from Fisher
Chemical) to remove any dirt or contaminants on the surface. Then, following the dehydration
bake (100 °C for 1min); The SU-8 resist was spun during two cycles; 500rpm for 15s with an
acceleration of 100 rpm/s and 1700rpm for 30s with an acceleration of 300rpm/s. Significant
amount of edge bead could be observed on the sample, meaning a non-flat SU-8. This non-
flatness will be replicated on the final pedestal stamp, which can be detrimental during the
transfer printing stage as unwanted contact could be made with the ink substrate. The edge
bead was minimised by spraying some edge bead remover EBR PG (from MicroChem) on the
coated surface. The sample was placed on a levelled surface and covered with a plastic cover
with a small hole on top of = Imm diameter to allow the edge bead remover to evaporate. The
sample was then left for 24 hrs to allow the coated surface to flatten, and any bubbles in the
coating to be removed via the action of the edge bead remover. If the rested SU-8 layer still
appeared non-flat after 24 hours, the edge bead remover spraying and resting was repeated for
another 24 hours. After 24 hrs, the sample was then soft baked in 2 cycles, 65 °C for 5mins and
95°C for 16mins. Next, the sample was exposed for 48s using UV 400 mask aligner. This was

followed by two-post exposure bakes at 65 °C for 4mins and 95 °C for 9mins. Development
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was carried out by submerging the sample in SU-8 developer solvent and ultra-sonicated using
the UT8031/EUK ultrasonic cleaner for six mins under delicate mode. Visual checks were
carried out on the developing sample using the microscope every two mins after rinsing in DI
water and the process was stopped when the sample looked developed. Once development
completed, the sample was then rinsed in DI water and blow-dried with nitrogen gas. Minor
cracks on undeveloped SU-8 could be seen, this was reduced by baking the sample at 180 °C
for 30s, which cause some SU-8 reflow and crack ‘healing’. Finally, the coated SU-8 was
subjected to another UV 400 exposure for 2mins, this helps in enhancing the resist bonding to
the silicon substrate, which can increase the master mould lifetime. The result was a
100x100um size (dimensions matching the ink coupon size), 100um thick SU-8 master mould

as shown in figure 4.14.

20 pm
—

Figure 4.14 SEM of the completed SU-8 master mould

Multiple PDMS silicones exist such as Sylgard 184, Silgard 182, Silgard 170 and Silgard 105
with different physical properties. Silgard 184 was the silicone used for PDMS manufacturing,
as it was reported to have stronger velocity dependent adhesion properties that is, a 4 fold
increase in adhesion for velocity changes of 10um/s to 750 um/s [19]. Both the base and curing

agent was used.
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Figure 4.15 PDMS mixture (Silgard 184 base and curing agent 101) a) before and b) after vacuum
desiccator

Thorough mixing of the Sylgard 184 base and curing agent was done at a ratio 101 weight
respectively in an aluminium tray using a plastic spoon. Numerous bubbles were generated that
had to be removed before curing. This was done by placing the sample in a vacuum desiccator
for 10mins and then back to atmospheric pressure. This vacuum pumping leads to outgas and
hence bubble bursting, the desiccator process was repeated two times until the mixture became
bubble free. Figure 4.15 shows images of the PDMS mixture before and after the desiccator

used.

116



o Polymide tape Liquid PDMS covering master mould
Aluminium plate / X

\

a) b)
PDMS sub-master

mould®

Cured PDMS

b ‘ / /Peeled

Sub-master mould

Liquid PDMS covering
‘ sub-n/"laster mould

Pedestalled PDMS
L Cured PDMS stamp peeled stamp
\ |

I

Figure 4.16 PDMS stamp casting fabrication steps a) SU-8 master mould b) master mould attached to
the casting container made from polymide taped on aluminium plate c) casting liquid PDMS over
master mould d) Cured PDMS sub-master mould peeled off the casting container e) PDMS sub-
master mould reversed f) sub-master mould attached to the casting container g) casting liquid PDMS
over sub-master mould h) Cured PDMS stamp mould peeled off the casting container i) Pedestalled
PDMS stamp

The sub master PDMS mould could then be made by casting the PDMS liquid onto the SU-8
master mould. Figure 4.16 shows the casting process for the PDMS sub master mould and
stamp fabrication. A 1cm thick 8x8cm area aluminium plate with a 4x4cm drilled hole was
used as container. One surface was covered with polyimide tape onto which the master mould
was attached as shown in figure 4.16 b. Polyimide tape was chosen as the back adhesive as it
is resistant to the high curing temperature of ~ 100°C (having temperature stability of 260°C
[29]) and its silicone adhesive doesn’t affect the PDMS curing process.

The PDMS was then poured over the master mould mounted structure making sure the
aluminium plate hole is fully covered as shown in figure 4.16 c). Any extra-generated bubbles
were burst by lightly blowing nitrogen gas on top of the liquid using a nitrogen gun. Quick
curing was achieved by oven baking the whole setup at a temperature of 100 °C for 35mins.
The curing process is a chemical reaction where the base and curing agent react with the help

of a platinum catalyst HoPtCle (in the curing agent) to cause cross linkage of the siloxane chains
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in the base leading to a solid elastomer PDMS [30]. This process is temperature dependent with

the rate proportional to the temperature hence, 100 °C used. Figure 4.17 shows the reaction

PDMS Base Curing Agent

R is nsually CH3.
but sometimes is H

CHa CH3 "Ha R CHj3
| | | | |
si—o-—si— - 1r3r_'—s|. —0 T —0 T_ CH3
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fi]-” CHy
o 'T ”‘I‘z ' HaC — Si— 0 —
- |
HH CH2 CH;3 CH3 CHy CH3
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CH3z CH3 CHzy CHsy

Cured PDMS

Figure 4.17 PDMS curing reaction [30]

Peeling the casted cured PDMS revealed the sub-master mould as shown in figure 4.13 d). Its
surface needed to be treated and hardened before serving as a mould. The treatment process is
required to change the PDMS sub master mould surface chemistry in order to prevent
permanent bonding with the casted PDMS. Different PDMS treatment methods were reported;
surfactants Brij52 and D-3005 treatment [37], thermal aging [38], oxygen plasma treatment
[39] and UV/ozone treatment [40]. UV/ozone treatment was used. The sub-master mould
surface was subjected to ultraviolet/ozone treatment using the UV/ozone cleaner for 30 mins,
the ozone cleaner uses synthetic quartz UV grid lamp emitting at wavelengths 186nm and
254nm. The 186nm emission convert Oz to Oz and the 254nm emission reacts with the methyl
group in the PDMS in the presence of Oz to form oxygen compounds such as a SiOx, SiOH,
COH and COOH [31], the SiOx forms a crust on the surface changing it to from soft to brittle

that is less adhesive hydrophilic one.
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Figure 4.18 UV/ozone treatment of PDMS surface to form SiOy crust [32]

The PDMS sub master mould was then left to rest for 24 hrs, this waiting time is necessary to
allow any free siloxane to migrate out the crust and cure. This free siloxane could still favour
PDMS-PDMS bonding and hence hindering its peeling from the mould. After 24 hrs, any dust,
contaminants and remaining siloxanes were then removed by submerging the PDMS mould in
iso-propyl alcohol solvent for 60s and nitrogen drying. Microscopic and SEM images of the
achieved PDMS sub master mould are shown in figure 4.19

Figure 4.19 SEM image of the PDMS sub-master mould

The same casting used above for the PDMS sub master mould manufacture was repeated to

achieve the pedestal stamp but in this case using the PDMS sub master mould instead of the
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SU-8 master mould. This is shown in figures 4.16 f) g) h). The PDMS pedestalled stamp could
then be used for transfer printing. Optical microscopic and SEM images of the achieved

pedestalled PDMS stamp is shown in figure 4.20

S50um

a) b)

Figure 4.20 Optical microscopic images of the pedestalled PDMS stamp &) microscopic top view b)
SEM image

4.2.3.2 PMMA resonant micro-cavity fabrication by deterministic transfer printing
Before attempting to transfer print a resonant micro-cavity, transfer printing of the suspended
DBR coupon on new substrate glass was first tried. This was necessary to understand the
retraction speed parameter values required for the ink coupon picking and printing during the
transfer print. This was also necessary in order to measure the effect if any of the processing
and transfer printing could have had on the DBR coupon reflectivity peak and stop band. Below
is a detailed description of the transfer printing process for the DBR and PMMA resonant
micro-cavity
4.2.3.2.1 DBR coupon transfer printing on new glass substrate
The receiving surface flatness and cleanliness are critical parameters to ensure the efficient
transfer printing [19]. For this reason, the glass substrate to be used as the receiving substrate
first needed to be cleaned to remove any contaminant on the surface. This was done by
performing a three solvent cleaning process using n-butyl acetate, acetone and Iso-propyl
alcohol solvents as described in Chapter 3. The cleaned glass substrate was then oxygen plasma
ashed using (O2/250sccm 150W for 45s) to remove any organic material on the surface. PMMA
was used as an adhesion promoter layer thanks to its adhesive properties. A thin layer of

PMMA was deposited on the cleaned glass substrate by spin coating PMMA in toluene solution
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of concentration 10mg/ml at speed 6000 rpms for 30s. This resulted in a 30nm thick PMMA
layer with refractive index 1.5 measured using the ellipsometer (J.A. Woollam V- Vase), this

is shown in figure 4.21 c).

PDMS stamp

\

7~~7 X

Printed DBR coupon

‘/
] -
d) Spin coated PMMA

<)

Picked DBR coupon

f\

lh

b)

adhesion promoter

Figure 4.21 Transfer printing procedure of DBR coupon on glass substrate a) undercut DBR coupon
sample b) DBR coupon picked by PDMS stamp ¢) DBR coupon printing d) DBR coupon transfer
printed on new glass substrate

Transfer printing of the DBR on the new glass substrate were done as shown in figure 4.21.
For pick up, the undercut DBR sample with suspended DBR coupons was positioned on the
transfer printing sample stage held fixed by the vacuum. PDMS stamp pedestal surface was
then brought in contact with a DBR coupon by lowering the stamp stage using the Ensemble
Motion Composer software, retracting the stamp at high velocity of 15mm/s results in tether
breaking and picking of the DBR coupon, a diagrammatic representation is shown in figure
4.21 b). Optical microscopic images of the pick-up process is shown in figure 4.22, here a
200um diameter circular coupon is picked using a 100x100um pedestal area stamp.

121



a) b) c)
Figure 4.22 DBR coupon (200um diameter) picking procedure using 100x100um pedestalled

stamp a) stamp’s pedestal-coupon contact b) coupon picked c) broken tethers

Optical microscopic and SEM images of a 100x100um square and 100um diameter circular

picked DBR coupons respectively on the stamp pedestal are shown in figure 4.23

PDMS surface
cracks

a) b)

Figure 4.23 Images of picked DBR coupons a) optical microscopic image of picked

100x100um square b) SEM image of picked 100um diameter circular DBR coupon
(highlighted) on top of the PDMS stamp

For the printing, the undercut DBR sample on the sample stage was first replaced with the
receiving PMMA coated glass receiving substrate, also held in place by the vacuum chuck. The
DBR coupon on the PDMS pedestal was then brought in contact with the PMMA layer on the
glass surface and by performing a slow retraction at velocity of 0.8um/s, the DBR coupon were
printed on the receiving glass substrate, this is represented in figure 4.21 c¢). Therefore, 0.8um/s
is below the critical velocity for printing DBR coupons. Optical microscopic and SEM images

of the transfer printed DBR on glass as shown in figure 4.24
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Figure 4.24 optical microscope image of DBR coupon (100um diameter) transfer printed on glass
substrate

4.2.3.2 PMMA resonant micro-cavity fabrication by transfer printing

PDMS stamp

Transfer printed

bottom DBR PMMA spacer layer Transfer printed
mi/crocavity
b) o)

a)

Figure 4.25 Transfer printing of PMMA micro-cavity a) transfer printed bottom DBR b) Transfer
printing of top DBR on PMMA coated bottom DBR c) Transfer printed microcavity

In the non-emissive PMMA microcavity, the PMMA served as both spacer layer and adhesion
promoter layer for the transfer printing. In order to sustain cavity modes within the microcavity,
equation 2.38 in section 2.4 need to be obeyed. That is the cavity optical length must be an
integer multiple of half the wanted cavity centre wavelength, usually chosen to overlap the
emitter emission wavelength.

Calibration of the PMMA spacer layer thickness and refractive index from spin coating was
required. The calibration involved spinning different concentrations of PMMA in toluene at
different speeds for 30s followed by ellipsometry characterisation. The calibrations revealed
PMMA with concentration 22mg/ml spun at speed 5000rpm for 30s yield a thickness of =
178nm. Refractive index plot of the PMMA from ellipsometry is shown in figure 4.26 showing
a PMMA refractive index of ~ 1.518 at wavelength 550nm.
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Figure 4.26 ellipsometry measurement of PMMA layer showing refractive index dispersion

Calculated 4, of 538nm were obtained. A piece of DBR grown on silicon substrate of ~ 1x1cm
was obtained from cleaving the original DBR grown on Si (111). This is to serve as the cavity
bottom DBR. The bottom DBR sample was three solvent cleaned and oxygen plasma ashed
like the glass substrate above. 177nm thick PMMA spacer layer was then deposited on the
cleaned bottom DBR as described above. The top DBR coupon could then be transfer printed
on the PMMA layer; this was done using similar parameters as in section 4.2.3.2.1. The full

process is shown in figure 4.25. SEM image of the printed cavity is shown in figure 4.27

Figure 4.27 SEM of transfer printed PMMA microcavity

4.3 DBR reflectivity plots
The integrity of the newly transfer printed DBR needed to be checked and compared to the

original grown DBR. This was done to measure any impact the undercut and transfer printing
processing could have had on the DBR and the overall success of the newly developed undercut
and transfer printing process. Dielectric DBRs being reflectors have major parameters
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reflectivity peak and reflectivity bandwidth, which can both be obtained from the reflectivity
spectrum measurements. Reflectivity spectrum measurements of PECVD grown DBR on Si
(before any processing) as described in section 4.2.1 and of the undercut and transfer printed
DBR coupon on glass as described in sections 4.2.3.1 and 4.1.2.3 were done using the
electroluminescence and reflectivity measurement setup described in Chapter 3. The sample to
be measured were placed on the Standa motorised stage, brought in position and focused (with
the help of a 50x magnification 0.42 NA objective lens) to the XIMEA xiQ digital camera for
visualisation. A halogen broadband light set to maximum intensity was used as the incident
light source; the light was directed to the sample via a beam splitter the objective lens. Reflected
light from the sample is collected and directed to a fibre collimator using the same objective
lens and beam splitter. The light is then coupled in a multi-mode fibre, which directs it into a

monochromator and CCD for spectrum detection.
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Figure 4.28 Reflectivity spectrum plot of DBR at different fabrication stages; showing as grown,

transfer printed DBR coupon and simulated reflectivity

Figure 4.28 shows the measured reflectivity spectra of the as grown DBR, transfer printed DBR
coupon and COMSOL simulated DBR. Peak reflectivity of ~ 99% and linewidth of = 95nm

were obtained for the as transfer printed DBR coupon, and trace matching very closely the as
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grown DBR reflectivity plot. This result shows that the anchor undercutting process and DBR

coupon transfer printing had little to no effect on the DBR reflective nature

4.4 PMMA cavity reflectivity plot

Reflectivity measurements of the transfer printed PMMA microcavity described in section
4.2.3.2 were also done to investigate the resonant cavity effects. This was done in a similar way
described in section 4.3. The resulting reflectivity plot together with the COMSOL simulated
cavity reflectivity is shown in figure 4.29. Clear reflectivity dip can be seen on the simulated
cavity reflectivity plot at the expected A, of 539nm. This reflectivity dip is an indication of
microcavity effects as they represent optical cavity modes created within the cavity. A small
decrease in reflectivity can be seen in the PMMA cavity reflectivity plot at wavelength region
between 530nm to 540nm, this region corresponds to the expected A, indicating a possible
reflectivity dip. The characterisation setup limitation could be the reason for the not well-

pronounced reflectivity dip of the measured cavity reflectivity.
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Figure 4.29 Measured and COMSOL simulated reflectivity spectrum plot of PMMA microcavity

The exposed area from the incident halogen light source onto the sample and collection area
from the sample was more than 100um in diameter. This is not an issue for full wafer sample
measurements but appears to be critical for samples 100um and less in size, as in the case for

100um diameter cavity printed on glass. A considerable amount of photons are not incident on
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the 100um size coupon hence are lost away. In addition, surrounding reflections and scattering
not from the DBR coupon are collected too. Therefore, a narrow reflectivity dip may get lost
in the integrated intensity. The use of a higher magnification objective lens to focus the incident
beam to a smaller spot together with the installation of a pinhole along the collection path to
filter spatially the collected light and finally introducing angular resolution using an iris
(collection of emissions only at the normal to the surface) could mitigate these measurement

limitations.

4.5 Conclusion
To conclude, we demonstrated a new platform for the fabrication of optical microcavity devices

with the aim of mitigating some limitations and challenges offered by monolithic direct epitaxy
optical microcavity fabrication, specifically increasing the variety of emitters and materials that
can be incorporated in various different configurations in a microcavity. The platform involves
the use of standard dielectric SiNx/SiO, DBRs grown by PECVD on Si (111). The grown DBRs
are then released from their substrate via anchor undercutting by exploiting the KOH
crystallographic selective wet etch of Si. Followed by transfer printing onto new substrates as
stacks to form optical microcavities. Various process optimisations were done in order to
ensure the protection and suspension of the DBR coupons after processing such as hard metallic
masking for the RIE dry etch and tether/anchor strength optimisation. A DBR coupon yield of
almost 100% was achieved. This was a necessity to achieve high quality transfer printed DBR
coupons. Reflectivity measurement of the grown DBR, transfer printed DBR coupon (100um
diameter) and DBR COMSOL simulations were carried out and plotted together showing close
matching with high peak reflectivity and wide bandwidth of approximately 99% and 95nm
respectively demonstrating the effectiveness of our platform. Cavity reflectivity measurements
did not show clear cavity mode effects due to the limitations of our measurement set up. This
platform also offer advantages of versatility, scalability and potential high throughput as array

of coupons can be transfer printed in parallel.
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5) Chapter 5 - Fabrication of GaN based RCLED via a
Modified Transfer Printing Technique

Resonant Cavity LEDs are important optoelectronic device thanks to their interesting
properties of enhanced, purer, more directional emission compared to conventional LEDs
[1]1[2][3] hence, their use in applications such as infrared wireless communication and Plastic
Optical Fibre (POF), high brightness lighting applications [4][5], display technology and more.
Traditional RCLEDs are mainly fabricated via direct epitaxy, which offers some challenges
especially in the GaN material series such as high cost process, lattice mismatching issues,
scarcity of compatible DBR materials configuration and small reflectivity bandwidth from
available compatible DBRs. We present a novel approach involving the use of LED and
dielectric DBRs separately grown, integrated heterogeneously together as stacks of optical
microcavities via deterministic transfer printing. This approach involves the anchor
undercutting of each material system from their original substrates into coupons and then their
transfer printing as stacks with configuration DBR/LED/DBR forming an RCLED. The
achieved electrically injected RCLED showed increased device series resistance and multiple
mode emission spectrum (because of resonance cavity effect) compared to transfer printed
open LED devices. With some process optimisation, this approach has the potential of

achieving good performing RCLED with linewidth narrowing from 21nm to 3nm.

5.1 Introduction
When it comes to solid state lighting within the shorter wavelength emission section of the

visible spectrum (ultraviolet, blue and green) and white light, the GaN family of materials
series are the dominant choices. This is thanks to the key features of direct band gap tuneability
across the complete visible spectrum via alloying [6]. This has revolutionised the LED industry
as it led to the possibility of realisation of white light by solid-state lighting using various
methods [7]. The advent of resonant micro-cavities have led to the development of various
innovative hybrid practical optoelectronic devices and configurations, among all the Resonant
Cavity Light Emitting Diode (RCLED) stand out thanks to the work of Schubert et al [8].
Properties exclusively reserved to lasers such as high efficiency, high spectral purity, high
radiance, and modulation possibilities are now achievable with RCLEDs, distinguishing them
from conventional LEDs [1][2][3][9]. The emitted light intensity (along the cavity emission
axis) from the RCLED is enhanced compared to a conventional LED; this is thanks to the

resulting enhanced spontaneous emission. In resonant cavities, the main factor determining
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emission linewidth is the cavity quality factor, for this reason, RCLEDs offers purer emission
as a notable reduction in emission linewidth is common in the RCLED. The RCLED also offers
better thermal stability compared to its conventional counterpart and better beam directionality
along the cavity axis [1][2][3], therefore, reducing total internal reflection suffered by
conventional LEDs leading enhanced external quantum efficiency. In addition, as they are
vertical cavity devices, they offer the convenience of ease of manufacture and high reliability
[10].

Thanks to the above numerous benefits plus the conventional LED advantages (ease and low
cost fabrication, low temperature sensitivity and higher reliability), RCLEDs made its way
from the laboratory to commercial applications, in particular data communication applications
such as infrared wireless communication and Plastic Optical Fibre (POF). RCLEDs also serve
in lighting applications requiring high brightness [4][5], display technology and medical
esthetics [11].

The realisation of such GaN based RCLED despite the major developments is still a topic of
research due to the challenge of effectively integrating the active layer in between high quality
DBRs while developing routes allowing electrical current injection into the device [12] [13].
Compatibility issues of lattice mismatch between certain material configurations (lattice
mismatch of approximately 2.4% in AIN/GaN DBR configuration) leading to cracks and other
defects, which hinders the device performance [14]. Also, there exist a small refractive index
contrast between the available lattice matched DBR material configurations (approximately
0.34 for AlInN/GaN DBR) meaning a small reflectivity bandgap and large number of pairs are
required to achieve high reflectivity [15] [16]. This narrows the choices of materials that can
be included in the cavity. Scarcity of compatible DBR GaN based material configurations is
another challenge [12]. Also, p-type GaN based DBRs tend to have high absorption losses and
poor electrical conductivity [17]. Air based DBRs (air gap and nanoporous DBRs [12]) are a
new class of DBR providing a notable upgrade in refractive index contrast as the ultimate low
refractive index material (air) is used. Their fabrication usually involves a two-step process,
growth followed by some form of selective etching of a layer by various etching methods. This
include photo-electrochemically etching the InGaN in GaN/InGaN stacks [18][19],
electrochemical etching of highly doped n* GaN in GaN/ n* GaN stacks [20], hot nitric acid
etching of AlInN in GaN/AIInN stacks [21][22] and thermal desorption of GaN in AlIGaN/GaN
stacks to form AlGaN/airgap DBR [23]. Air based DBRs still suffer from low heat dissipation

and requiring epitaxial growth, which is a costly process with extreme conditions of high

131



temperature and low pressure, which are detrimental to some classes of emitters such as
polymers. For these reasons, GaN based optical micro-cavity generally employ dielectric DBRs

or are hybrid in nature with n-type epitaxial DBR and dielectric DBR [12].

Two routes are generally used for GaN based RCLEDs fabrication. Wafer bonding followed
by laser lift off lithography in order to expose the backside of the grown epilayer for further
device processing of contacts and dual dielectric DBR deposition [24] or hybrid cavity
consisting of bottom GaN based DBR epitaxially grown and top reflector being a dielectric
DBR or metallic [25][26]. Both methods present challenges; the earlier requires complex flip
chip structure processing hindering their mass production and the later suffers from epitaxial
grown GaN based DBR issues of lattice mismatch, small reflectivity band width and poor hole
injection [27][28][29].

We here by propose a new route involving the separate fabrication of all the RCLED
components (LED device and DBRs). This is followed by their separation from their native
substrate using conventional low cost fabrication techniques (lithography, metallisation, dry
and wet etch) anchor undercutting procedure and their heterogeneous integration as stacks

layers in an RCLED configuration on a new substrate by the process of transfer printing.

5.2 LED Epitaxial structure confocal Photoluminescence
As discussed in chapter 2, GaN based LEDs are conventionally grown on sapphire substrate as

they offer good lattice matching with a buffer layer. However, for us to exploit the anchor
undercutting technique and transfer printing platform developed in Chapter 4, LED epilayer
grown on Si (111) substrate were needed. These LEDs were commercial purchased from
Xiamen Powerway Wafer Co. Ltd. These were 4 inches GaN on Si LED wafers with layer

structure, composition, doping and thicknesses depicted in table 5.1

Layer Composition Doping Thickness
p-layer (Alln)GaN Mg greater than 1x10%° 80 + 25nm
Active layer | InGaN/GaN MQW / 200 = 40nm
n-layer GaN Si approximately 5x10*® 1500 + 100nm
Buffer Al(Ga)N / 1650 + 100nm
Substrate Si / 800um

Table 5.1 Commercial GaN on Si LED layer structure

The purchased LED epilayer was characterised by confocal photoluminescence (CPL) as it
offered quick and non-destructive characterisation in order to obtain the emission spectrum,
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FWHM and peak wavelength parameters necessary for effective cavity tuning. Excitation was
done using a continuous wave laser at wavelength 375nm at power of 1mW. The obtained CPL
plot is shown in figure 5.1. Clear emission in the blue spectral region can be seen with emission
peak at 466nm. It can also be seen that the emission is affected by Fabry-Perot interference
oscillations because of the large refractive index contrast at the Si substrate-GaN and GaN-air
interfaces [30] hence the apparent multiple peaks. A Gaussian fitting was done using software
Origin; this allowed extraction of the FWHM of approximately 19nm. The lower energy
emission seen is as a result of the Quantum Confined Stark Effect (QCSE) band bending as a

result of the GaN spontaneous polarisation [31] [32] [33].

LED wafer confocal PL
Fitting curve
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Figure 5.1 commercial GaN on Si LED confocal PL spectrum

5.3 LED device fabrication, characterisation and discussion
The fabrication of the RCLED by transfer printing involved the printing of the LED epilayer

and DBR in a configuration allowing sandwiching of the LED between the DBR reflectors.
This involved many different fabrication steps such as planar LED fabrication from the
commercial LED wafer, anchor undercutting to achieve free suspended LED coupons, transfer
printing of the LED and DBR as stacks to form RCLED. Various characterisation methods

were used such as current-voltage measurements, electroluminescence, photoluminescence,
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SEM, ellipsometry and more. Below is a detailed description of all the steps with relevant

images for demonstration and illustration with discussion.

5.3.1 Planar Conventional rectangular (CR) LED

5.3.1.1 LED device processing of Conventional rectangular (CR) LED
As explained in Chapter 4, selective crystallographic wet etch of Si can be achieved thanks to

the difference in KOH etch rates along the <110> direction compared to the direction
orthogonal to it (100 times greater) [34][35]. For this reason, the first fabrication step was the
patterning of the LED wafer with orientation lines parallel to the <110> direction. These
orientation lines are important in alignment of the device coupons for effective undercut (as
explained in Chapter 4). This was done by photolithography positive resist SPR350 patterning
process followed with ICP-RIE (SiCla/Cly/Ar, 1.5/15/4sccm, 4mTorr, 20°C, RF/ICP power
150/450W) etching for 3 minutes of the wafer achieving 15um wide, 360nm deep orientation

lines with 8um separation, the result is illustrated in figure 5.2 a).

Orientation lines

Mesa
v.

/O\\ a) l b)

P-contact

<

Figure 5.2 Conventional rectangular (CR) LED fabrication steps a) Orientation lines formed by RIE

N-contact

etch b) Mesa formation by ICP-RIE c¢) n-contact deposition and d) p-contact deposition by thermal

evaporation

Next, the planar LED device was fabricated. Photolithography masks were newly designed for
the fabrication of the LEDs as arrays of LED coupons attached to anchors by tethers, to be
transfer printed. Figure 5.3 shows an illustration of the superimposed layers showing the
different fabrication steps for a single device coupon. These are the mesa etch, n-contact, p-
contact, bond pad and coupon etch. The devices coupons are attached to the anchors by tethers

and are arranged to allow anchor alignment in parallel to the <110> direction (should be aligned
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to the orientation marks lines made above). This is important in preventing undercutting of the

anchors during the undercut of device coupons by immersing in KOH solution.

E:! Coupon etch Single coupon
L P-contact tether
L‘;“:‘;' 100um i i

N | \

Mesa etch ‘ﬁ ig
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Figure 5.3 Photolithography mask design for Conventional Rectangular (CR) LED fabrication

The next fabrication step-involved mesa etching the wafer, this involves selective etching part
of the wafer up to the n-GaN. Design mask shown in figure 5.3 was used to pattern the wafer
using resist masking by photolithography, followed by ICP RIE (SiCl4/Cl2/Arz 1.5/15/4sccm,
4mTorr, 20°C, RF/ICP power 150/450W) for six minutes. Mesa etch with etch depth of
approximately 750nm into the wafer (this etched region is represented by the shaded mesa etch
region in figure 5.3) was done. Stripping the remaining resist using resist stripper (posistrip
EKC830) and oxygen ashing yielded mesa etched patterned wafer as illustrated in figure 5.2
b).

Next, contacts (n-contact, p-contact and bond pads) needed to be deposited; this involved
photolithography patterning, followed with metallisation and then lift off. In this case, a PMGI
(polydimethylglutarimide polymer) is pre-deposited before the SPR350 positive resist. SPR350
upon development has a positive slope, which can be covered by the deposited metallic layer
hence making the lift off challenging. The PMGI mitigates this problem by allowing a window
opening for resist remover to penetrate and ease lift off. PMGI deposition was done by spin
coating at 4000 rpms for 30s followed by baking at 180°C for 7 minutes. n-contact consisted
of metals Ti/Al/Ti/Au at thicknesses 20/100/20/60nm meanwhile the p-contact consisted of
Ni/Au at thicknesses 5/5nm. These are illustrated in figures 5.2 ¢) and d) respectively. The
wafer was then thermally annealed at temperature 520°C in nitrogen (1600 sccm) and oxygen
(400 sccm) rich environment for 1 minute. This enables the partial diffusion of the metal into
the material (leading to almost transparent p-contact) and the formation of NiO2 complex for

efficient conduction (Ohmic contact); the result is illustrated in figure 5.4 a). This was followed
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by bond pad deposition. Metals Ti/Au with thicknesses 20/200nm are used for the bond pad,
figure 5.4 b) illustrates the result.

Annealed contacts Bond pads

a) b)

Figure 5.4 Conventional rectangular (CR) LED fabrication steps a) contacts annealing b) Bond pads

deposition by thermal evaporation

This resulted to “Processed LED” array whose microscopic image is presented in figure 5.5

p contact

n contact

Figure 5.5 optical microscope image of Processed LED arrays

5.3.1.2 Anchor undercutting to achieve free suspended LED coupons for Conventional
rectangular (CR) LED

5.3.1.2.1 STRESS COMPENSATION OPTIMISATION CONVENTIONAL RECTANGULAR (CR) LED
GaN LED epitaxially grown on Si substrate involves the use of a buffer layer Al(Ga)N to

compensate the lattice and thermal expansion mismatches that exist between GaN and Si. This
is engineered to ensure wafer flatness and minimise defects such as cracks within the grown
epilayer hence achieving better quality grown materials. These grown materials have built-in
residual stress, which may cause the epilayer to deform when released from its grown substrate
[36][37][38] with the deformation more pronounced with increasing device sizes. The
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deformation is a constraint to transfer printing as stamp-coupon contact is reduced and
constraints further device processing after the printing. Hence, the need for compensating the

residual stress.

Si based dielectric layers such as SiNx and SiO, are commonly used in device fabrication to
serve roles of hard mask for dry etching and diffusion, passivation layer and device
encapsulation [39][40] . They offer the advantage of ease of deposition as high quality layers
can be deposited at relatively low temperatures approximately 300°C using Plasma Enhanced
Chemical VVapour Deposition (PECVD). The mechanical stress of the dielectric also affects the
underlying device properties and performance [41][42] hence, need to be considered. Shaban
et al proposed a stress compensation mechanism for the LED release from Si substrate
involving the deposition of 1um thick compressive SiNx layer on top of the LED epilayer with
compressive stress of 200 MPa [36]. This helps in compensating the built-in 70 MPa
compressive stress on the LED epilayer [36] and in achieving a flat release coupon. The stress
magnitude and stress profile can be controlled by the PECVD deposition parameters pressure,
RF frequency of source, temperature, power density and gas stoichiometry [43].

To compensate the residual compressive epilayer stress from the released LED device, a
dielectric material with compressive stress profile was required as discussed above. Dielectric
film composition also determines its stress profile. This is dependent on the N2O/SiH4 (900/160)
and NHa3/SiH4 (5/100) gas flow ratios in the PECVD chamber during deposition for the SiO>
and SiNx layers respectively. This yield a SiO2 and SiNx layers primarily compressive and
tensile respectively [43]. SiNx was also required to serve as passivation etch barrier layer to the
KOH undercut process to protect the underlining contacts and device. Four different
compensation dielectric thicknesses were investigated; SiNyx/SiO2 54/500nm, 54/1000nm,
54/1700nm and 54/2000nm. These were deposited by PECVD on the LED wafer prior to
processing at temperatures 300°C, pressure 900 mTorr and power 25W. The wafers were then
patterned into device coupons sizes 100x100um using photolithography patterning (where the
coupons attached to the anchors by tethers were left non-covered by the resist, followed by
Ti/Ni (50/150nm) metallisation to serve as RIE etch mask. RIE etch (CHF3/02 35/5 sccm, RF
power 150W) for 60 mins through the full unmasked dielectric was then done, followed by
stripping the metallic mask via submerging the samples in hot aqueous solution of HCI (7%
volume concentration) for 20 minutes at 70°C. Etching through the full LED stack and into the
Si (2um) was done by ICP-RIE (SiCl4/Cl2/Arz 1.5/15/4sccm, 4mTorr, 20°C, RF/ICP power
150/450W) for 23 mins, this etched 800nm from the SiO2 compensation layer (from SiO; etch
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calibration using the same ICPRIE process above) and approximately 1.7um into the Si
substrate. Therefore, the dielectric also serve as hard etch mask for the ICP-RIE, the final
dielectric compensation layer (also serving KOH etch mask function) is actually SiNx/SiO>
54nm/900nm. It should be noted that the first RIE etch steps were necessary as metal etching
in our available ICP-RIE etch machine is forbidden, so metallic masking ICP-RIE etch could
not be performed. Finally, anchor undercutting was done by submerging the wafers in hot
aqueous solution of KOH (25%wt concentration) at 70°C for 50 minutes. This yielded freely

suspended LED coupons as shown in figure 5.6.

Figure 5.6 Optical microscope image of undercut suspended LED coupons

The stress compensation could be determined via deformation measurement using the Dektak
Veeco 150 profiler. Figure 5.7 shows the obtained average step height (ASH) profiles for the
four test configurations. Best stress compensation and almost flat coupon were achieved using
dielectric layer thicknesses SiNx/SiO2 54/1700nm for 100x100um coupon sizes. These
dielectric thicknesses configurations were used to stress compensate the released LED epilayer
as described below
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Figure 5.7 Profilometry step height measurement of undercut LED coupons showing level strain

induced of deformation

5.3.1.2.1 STRESS COMPENSATION AND ANCHOR UNDERCUTTING OF LED COUPONS CONVENTIONAL
RECTANGULAR (CR) LED
After the bond pads deposition as shown in figure 5.2 b), the built-in compressive stress needed

to be compensated. This was done as described in section 5.3.1.2.1 with the exception of using
a metallic Ti/Ni dry RIE etch mask to etch through the dielectric. This is because the Ti/Ni
stripping required sample submerging in hot aqueous solution of HCI, which is a metal etchant
hence not ideal. Therefore, a thick SPR220 photoresist mask was used instead. First, the
SiNx/SiO2 54/1700nm layers were deposited by PECVD shown in figure 5.8 a). Next, the
wafers were then patterned into device coupons sizes by photolithography patterning using
photomask coupon etch shown in figure 5.3 (shaded area corresponds to resist masking).
Effective alignment during the photolithography patterning leads to effective device masking
by SPR220 resist. RIE etch (CHF3/O2 35/5 SCCM RF power 100W) for 35 mins through the
unmasked (exposed) dielectric was then done. SPR220 re-masking followed by 35 mins RIE
etch was repeated two more times in order to etch fully through the un-masked dielectric (total
thickness of approximately 1700nm), shown in figure 5.8 b). This was followed by ICP-RIE
using (SiCls/Cl2/Ar, 1.5/15/4 sccm, 4mTorr, 20°C, RF/ICP power 150/450W) for 23 minutes
through the full LED stack and into the Si (approximately 1.7um), resulting wafer is illustrated
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in figures 5.8 c). For device operation, electrical connection with the device contacts were
required therefore, windows need to be open through the strain compensating dielectric on the
n and p contact areas for making electrical connection to the bond pads. This was done by
photolithography thick SPR220 resist masking as above (contact windows un-masked),
followed by RIE etching (CHF3/02 35/5 sccm 100W) for 35 mins. SPR220 re-masking
followed by 35 mins RIE etch was repeated two more times in order to etch fully through the
un-masked dielectric. Non-optimised dielectric RIE etch means some of the contacts would be
etched too, causing some contacts damage. The resulting structure is illustrated in figure 5.8

d) and microscopic image shown in figure 5.8 e)

Dielectric strain RIE etched patterned
compensation layer dielectric layers

b) ICP RIE through
l the LED and into Si

RIE bond pads
window opening

e)

Figure 5.8 Conventional rectangular (CR) LED fabrication steps a) Dielectric strain compensation
layer deposition by PECVD b) Dielectric layer selective etch by RIE ¢) LED coupon patterning by
ICP-RIE d) contacts window opening by RIE €) Optical microscope image of LED formed LED array
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Anchor undercutting was done by submerging the wafers in hot aqueous solution of KOH
(25%wt concentration) at 70°C for 50 minutes (100x100um coupon size device) resulting to
freely suspended LED coupons ready for transfer printing as shown in figure 5.9. The
suspended LED devices where then ready for transfer printing

Side view showing the undercut

Figure 5.9 Illustration of KOH wet etch undercut LED coupon

Very high yield close to 100% where achieved confirming the suitability of our design. SEM
images of the undercut LEDs coupon array were also taken as shown in figure 5.10. Empty

space left from transfer printed (TP) LED coupon are also shown.

Figure 5.10 SEM of undercut array of Conventional Rectangular (CR) LED (inset showing a single

device coupon)
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5.3.1.3 Transfer printing of the LED and DBR as stacks to form RCLED for Conventional
Rectangular (CR) LED
The full LED coupon transfer printing is illustrated in figure 5.11

Transfer printed

PDMS stamp LED coupon
28 Picked LED
ﬁoupon
= \ Su-8 coated
- Z — bottom DBR

=

: Top Su-8
adhesion
promoter

Ashed LED
sample to
expose contacts

Picked top DBR

Figure 5.11 Transfer printing of LED coupon on bottom DBR

PDMS stamp with pedestal size (100x100um) were made as described in Chapter 4. Prior to
transfer printing, SiNx/SiO: dielectric DBR with thicknesses 54nm/78nm tuned for centre
wavelength corresponding to the LED emission peak of approximately 460nm were grown on
Si (111) substrate. Two different sets were grown, 12.5 pairs and 5.5 pairs with calculated peak
reflectivity 99% and 60% to serve as the bottom and top reflectors respectively of the RCLED.
Figure 5.12 shows their measured reflectivity spectra, showing reflectivity peak matching the

theory.
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Figure 5.12 measured reflectivity spectrum plot of 12.5 pairs (bottom DBR) and 5.5 pairs (top DBR)

Freely suspended DBRs were achieved by anchor undercutting as described in chapter 4. SU-
8 3000 photoresist was used as adhesion promoter for the transfer printing thanks to its high
tackiness. An SU-8 layer of thickness approximately 1.5um was deposited on the bottom DBR
by spin coating at a speed of approximately 12000rpm for 30s. The suspended LED coupon
was then transfer printed on the SU-8 coated bottom DBR using the pedestalled stamp, similar
retraction speed values of 15mm/s was enough to break the tethers and perform the LED
coupon pick-up. The LED coupon could then be printed on the SU-8 coated blue DBR sample
(bottom DBR); for this, slower retraction speed of 0.003mm/s was used. Microscopic images
of the picking process and resulted transfer printed LED device on a blue DBR are shown in

figure 5.13. This represents the “Transfer Printed LED” device
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d) c)

Figure 5.13 Optical microscope images of LED coupon transfer printing a) PDMS stamp pedestal
brought in contact with LED coupon (view from top through the transparent PDMS) b) LED coupon
picked by stamp c) image of broken tethers from picked LED coupon d) printed LED coupon on
bottom DBR

Taking a closer look at figure 5.13 d), some Newton interference rings can be seen. These
occurs as a result of existing air gaps between the LED coupon bottom surface and the substrate,
this shows the transfer printed LED coupon is not perfectly flat as expected. In order to check
the level of flatness, profilometry measurement of the transfer printed LED coupon were
carried out along the lateral direction as shown in figure 5.14. Minimal deformation can be
seen from the printed LED coupon, this shows the importance of the SiNy/SiO; strain
compensation layers.
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Figure 5.14 profilometry measurement of average step height of transfer printed LED coupon

A thicker top 1.7um thick SU-8 adhesion layer was deposited. Then the top DBR was transfer
printed on the LED emission area. For effective contact probing, the SU-8 spin coated on the
contacts needed to be removed,; this was done by ashing (O2 250sccm 150W for 60s) the sample

for 6 cycles. Hence a cavity LED was formed, illustrated in figure 5.15
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Figure 5.15 Assembled conventional rectangular cavity LED illustration

Optical microscope and SEM images of the final “cavity LED” device is shown in figure 5.16.
As it can be seen, ashing leads to twisting and wrinkling of the bottom SU-8. This has important

implications as discussed in later sections

Top DBR

;//Wrinkly Su-8
-

Figure 5.16 Optical microscope (left) and SEM images of the transfer printed conventional

rectangular cavity LED device
5.3.1.4 Electrical and optical characterisation of Conventional rectangular (CR) LED
The fabricated cavity LED device could then be characterised, this was done both electrically
and optically by carrying out IV (current-voltage) plots and electroluminescence measurements.
These measurements were carried out at three different stages of the fabrication process;
Processed LED, Transfer Printed LED (TP LED) and LED cavity. The processed LED
characterisation stage represents the stage after the bond pads deposition that is before the

146



dielectric layers strain compensation step. The TP LED stage represents that after transfer
printing the LED coupon device onto the bottom DBR pre-coated with SU-8 resist adhesion
layer. The LED cavity stage represents the final stage that is after the transfer printing of the
top DBR and adhesion layer (SU-8) ashing to expose the contacts. Figure 5.17 shows the
obtained 1V curves
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Figure 5.17 Current-Voltage plots of CR LED devices a)processed, transfer printed and cavity

(probed image shown in inset) b) transfer printed and cavity

An optical microscopic image of the probed turned OFF cavity LED is also shown in the inset
of figure 5.17 a). Turn-on voltage of approximately 2.7V can be seen with processed device IV
behaving similar to literature [36]. Considerable reduction in device voltage for similar current

values as the device processing goes from processed to transfer printed and finally cavity can
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be seen. This is an indication of an increase in device series resistance. The increase in series
resistance from the processed device to the transfer printed and cavity could be explained by
the potential damage of the p and n contacts during their window opening via RIE etching
through the strain compensation SiNx/SiO> dielectric layers as explained in section 5.3.1.2.1.
These window openings were necessary for probing. In addition to that, the samples were next
submerged in hot agueous solution KOH for coupon undercut. Hot aqueous solutions of KOH
have been shown to attack and chemically wet etch some of the metals used as our device
contacts and bond pads Ti and Al [44] [45]. Therefore, the combined efforts of the dry RIE
contacts window opening and KOH wet etch potentially caused some damage to the contacts
hence the increase in device series resistance. Transfer printing of the top DBR required spin
coating of another layer of SU-8 layer to serve as adhesion promoter layer as described in
section 5.3.1.3. In order to remove the SU-8 covering the contacts (for effective probing), the
sample was subjected to long ashing which removed the top SU-8 layer. However, some SU-8
residue could have remained on the contact. This could explain the increase in series resistance
of the cavity LED compared to the transfer printed LED as the SU-8 residue acts as a barrier

to carrier injection.

Injected current dependent electroluminescence measurement of the Processed LED, Transfer
Printed LED and cavity LED are shown in figure 5.18. Fabry-Perot interference oscillations as
in the case of CPL measurements above can be seen for the processed LED EL. Overall
increase in EL peak intensity as injected current is increased can be seen, this is because of an
increase in injected carriers into the device quantum wells. This leads to an increase in the
recombination rate hence more photons released via spontaneous emission. In addition, Fabry-
Perot interference oscillations were reduced in the transfer printed and cavity LED thanks to
the reduction in total internal reflection due to the strain compensation layers. Emission peak
wavelength position for all 3 device configurations were also plotted as a function of injected
current as shown in figure 5.18 d). An overall blue shift in emission peak can also be seen with
increase in injection current, this can be explained by the Quantum Confined Stark Effect
(QCSE) screening due to the band filling effect from the injected carriers [46] [47].
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Figure 5.18 Optical characterisation of conventional rectangular LED; Injection current dependent EL
of a) Processed b) transfer printed and c¢) cavity LED d) emission peak position against injection

current

Comparing the EL peak wavelength position at injection current of 1mA for all three devices,
values of 455.8nm, 451.8nm, and 454.1nm for processed, transfer printed and cavity LED
respectively can be seen. Transfer printing the device from its original semiconducting Si
substrate to the new insulating SU-8 polymer coated dielectric DBR substrate greatly reduces
the device’s heat dissipation capabilities. For this reason, the self-heating effect is higher in the
transfer printed LED than in the original LED. In addition, the deposited strain compensation
dielectric increases the self-heating. One of the well-known effect of self-heating in GaN based
LED is bandgap shrinkage. Increase of carriers into the QW causes a blue shift in emission
thanks to QCSE screening. This effect is seen in all LED devices but clearly less in the transfer
printed and cavity LEDs. The increased heating effect on both the Transfer Printed LED and
Cavity LED could explain their reduced emission blue shift as injection current increases

compared to the Processed LED.
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Figure 5.19 Normalised EL plot of transfer printed and cavity LED at 10mA injection current; small

peaks can be seen on the cavity LED plot (annotated using red circles)

Figure 5.19 shows a plot of the normalised EL of the transfer printed (TP) LED (non-cavity)
and the cavity LED at similar injection current of 10mA. Both curves have FWHM
approximately 21.5nm. Reduction in the emission FWHM that is a typical characteristic of
RCLEDs could not be achieved. However, what appears to be some resonant micro-cavity
effects, small peaks can be seen on the cavity LED plot (annotated using red circles), which
could potentially be an indication of cavity mode effects from the resonant cavity as they are
evenly spaced. Nonetheless, those peaks are weak and almost unnoticeable. Confocal PL (CPL)
measurements of a cavity LED sample of the same configuration but different cavity length
(different spacer layer) were taken and shown in figure 5.20. The CPL shows more dominant
multiple peaks for the incavity measurements adding more credibility to the cavity mode
hypothesis. CPL small spatial resolution allow for light collection only at the spatial plane and

spot size (pinhole) of 10um. Therefore, mostly cavity coupled light is detected.
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Figure 5.20 Confocal PL measurements of conventional rectangular LED for both transfer printed

device (outcavity CPL) and cavity device (incavity CPL)

Assuming these peaks appear because of cavity mode coupling, their low intensity seen on the
EL is an indication of a low cavity coupling strength. The low cavity coupling strength could
be an indication of major emission leakage from the cavity, which are collected by the EL
system objective and coupled to the system’s monochromator and CCD. This is supported by
the image of the probed turned off device shown in figure 5.21 showing an emission leakage
spot from broken top DBR. Image of the turned on cavity LED (figure 5.21) also shows
considerable p-bond pad region emission side device emission plane scattered by the wrinkly

SU-8, which are not coupled to the cavity.
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Figure 5.21 conventional rectangular cavity design flaws allowing emission leakage from the cavity

Therefore, the structure of our transfer printed cavity LED needed to be modified to ensure
minimal LED emission leakage out of the cavity. Making the LED emission area considerable
smaller than the top DBR area appeared to be a possible solution. New strategies were
developed in order to implement emission area reduction for the LED device; these are

discussed in the following section.

5.3.2 Reduced emission area LED (RD LED)

5.3.2.1 Design and fabrication of reduced area LED
Various methods have been reported for GaN based LED emission area reduction that is,

restricting the LED emission to an area less than the mesa. Notable methods include selective
Si diffusion into the p-GaN [48] and selective dielectric masking of the mesa [49][50]. p-GaN
deactivation via CHF3 plasma treatment were reported [51], the full deactivation mechanism
remains without full scientific explanation but potential causes are p-GaN Mg acceptors
deactivation by hydrogen in CHF3 leading to lower hole concentration and hence lower p-GaN
conductivity. In addition, the F from CHFs could implant on the p-GaN leading to increased
metal-semiconductor Schottky barrier height [52] [51]. p-GaN deactivation by RIE CHF3

treatment was chosen as it offers more effective emission area reduction.
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Figure 5.22 Photolithography mask design for Emission reduced area (ER) LED fabrication

A more standard LED structure of size 200x200um was used. Figure 5.22 shows a
representation of the mask superimposed layers showing the different fabrication steps for a
single device. Apart from the size difference compared to the Conventional Rectangle (CR)
LED above, there is also the inclusion of the emission-reduction area step. This step will allow
deactivation of the full mesa except centred small circle of diameter 42.5um, which is
considerably smaller than the DBR (100x100um) as wanted. The selective p-GaN deactivation
was done at the start of the device fabrication. This is the only fabrication difference when
compared to the conventional rectangle (CR) LED fabrication described in section 5.3.1. Figure

5.23 illustrates these steps.

Metal RIE mask

<110> Orientation marks

b)
l Protected non-passivated p-GaN
Mesa

CHF3 Rl passivated p-GaN
b) <)

Figure 5.23 Emission reduced area (ER) LED fabrication steps a) orientation marks produced by ICP-
RIE b) emission area metallic masking via thermal evaporation ¢) non-emission area p-GaN
passivation by CHF; RIE treatment d) mesa formation by ICP-RIE
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Selective RIE CHF3 treatment of the LED wafer required adequate masking, metallic masking
was chosen for this purpose. First the LED wafer was patterned to define the <110> orientation
directions as described in section 5.3.1.1. Next, selective masking of the wafer regions
corresponding to the emission areas were done via lithography followed by metallisation Ti/Ni
20/100nm to serve as mask. The wafer could then be RIE etched under conditions RF power
150W, gasses CHF3/O, at concentrations 35/5 sccm for 2.5mins for deactivation of the
unmasked p-GaN. Removal of the metallic mask were then done by submerging the wafer in a
hot aqueous solution of (35% HCI diluted as 25% volume in water) at 70°C for 20 mins. From
this step the LED fabrication was exactly the same as described in section 5.3.1; mesa etch, n-
contact deposition, p-contact deposition, contacts annealing, bond pads deposition. This
yielded the ER processed LED. Dielectric strain compensation layer deposition was also done
followed by dry etch through the dielectric-LED structure and into the Si substrate, contacts
window opening by RIE etch and LED coupon undercut using KOH solution (longer etch time
of 100mins as the coupons are larger in size). SEM image of the achieved undercut LED

coupon array is shown in figure 5.24

Figure 5.24 SEM of undercut array of emission reduced (ER) LED

Transfer printing of an LED coupon was done on bottom DBR substrate as in the case of CR
transfer printed LED above, this yielded the ER transfer printed LED. Figure 5.25 presents
transfer printed LED SEM.
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a) b)

Figure 5.25 images of transfer printed emission reduced (ER) LED on bottom DBR a) optical
microscope b) SEM

Finally, the ER cavity device was fabricated by transfer printing a top DBR, figure 5.26
illustrates the final new LED cavity structure with reduced emission areas. Optical microscope
and SEM of the cavity LED are also shown. Edges of the device appear to have been attacked
by the KOH, this is because a longer KOH etch time was required to fully undercut the
200x200um coupons. Therefore, KOH etch mask greater than SiNx/SiO2 54nm/900nm is
required for 200x200um devices. In addition, the bottom SU-8 adhesion layer is also wrinkly

so the heating effects discussed above should also exist in these devices
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Figure 5.26 Transfer printed emission reduced (ER) LED cavity device a) assembly illustration b)

SEM c) optical microscope images

5.3.2.2 Electrical and Optical characterisation of reduced emission area LED

Similar characterisation as in section 5.3.1.4 were done. Figure 5.27 shows the IV curve of the
LED device at the 3 stages of process, transfer printed LED and cavity LED. Similar behaviour
as in the case of CR LED structure above can be seen, that is, the device series resistance
increases from processed to transfer printed LED and finally cavity LED. The explanations
given in section 5.3.1.4 still holds as the fabrication procedures and steps were the same.
Nonetheless, the slope decrease appears to be lower for the ER devices, therefore the series
resistance increase is lower for these new device. This is because smaller emission area devices
tend to have better p layer spreading [34] hence better p conduction compared to larger
100x100um emission area from the conventional rectangle LED above.
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Figure 5.27 current-voltage plot of emission reduced (ER) processed, transfer printed and cavity LED

devices

The probed turned on cavity LED device is also shown in the inset of figure 5.27, the LED
emission leakage can be seen to have been considerably reduced as most of the light can be
seen coupled to the cavity thanks to the reduced emission area compared to the top DBR. EL
measurements of the device at different injection currents were also carried out as shown in
figure 5.28. Fabry-Perot interference effects can also be seen in the processed LED, which are
eliminated during the next stages just like in case of the rectangular LED above. Emission
intensity increases with injection current increase and emission blue shift can be seen in the
processed LED, which become almost unnoticeable for the transfer printed LED and cavity
LED for similar reasons as discussed in section above for the case of CR LED.
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Figure 5.28 Injection current dependent EL measurements of a) processed b) transfer printed and c)
cavity LED

Plotting of the transfer printed (TP) LED (non-cavity) and the cavity LED’s normalised ELs at

similar current injection value of 10mA is shown in figure 5.29.
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Figure 5.29 Normalised EL of transfer printed and cavity LED at 10mA injection current

Unlike the CR LED device above, clear resonant cavity effects can be seen on the cavity LED
plot. Numerous well-defined peaks can be seen which are evenly spaced with spacing of 6nm.
These peaks appear to be cavity modes because of the coupling effect of the LED emission to
the cavity modes. ER cavity LED EL peak appears to be at a lower wavelength (440nm) than
that of the transfer printed LED (444nm), this could be because of heating effects or cavity
mode effects as microcavity modes are independent of injection current [53] but solely on the
cavity length. It could also be because of potential LED wafer non-uniformity. Therefore, a

theoretical evaluation of our micro-cavity was required.

5.3.2.3 Cavity LED (ER) theoretical evaluation using COMSOL multi-physics
Looking at the RCLED design criterion discussed in the introduction above and in details in

chapter 2, certain criteria could not be fulfilled due to the structural nature of our cavity LED,
these are the smallest cavity length criterion of % and positioning the emitter at the created

standing wave’s antinode. Traditional RCLEDs in particular GaN based ones are fully

fabricated via epitaxy allow accurate control over the cavity length and QW cavity position
[48] [50]. They often have a % cavity length; this is allow only a single cavity mode to which

the QW emission can couple to if adequately tuned. The coupling to a single cavity mode
maximises resonating strength and hence emission intensity. Shortest cavity length also ease

the effective positioning of the emitter at the standing wave’s antinode (cavity centre) hence
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maximising the emission rate enhancement factor [3]. Our transfer printed cavity LEDs
involves the transfer of the full LED structure including the buffer layer AI(Ga)N. In addition
to that, SU-8 adhesion layer were used. This leads to a wide cavity with minimum length of
approximately 5430nm. The thick cavity could explain the multiple modes seen in the emission.
Free spectral range FSR (mode spacing) investigations provide a legitimate comparison route
for evaluating our cavity LED device to theory. FSR can be calculated from equation 5.1

A= %L (5.1)

2nd

Where n, d and A, are the cavities refractive index, length and centre wavelength

Effective calculation of the FSR using equation 5.1 is challenging for our cavity LED due to
the different refractive index materials present within the cavity. Nonetheless, Finite Element
analysis software are often use to perform such computations. COMSOL multiphysics wave
optics module was used to theoretically determine our cavity LED’s reflectivity spectrum and
electric field distribution along the structure. A 2D simulation was done; schematic
representation of the structure was drawn with stacked materials with their thicknesses and
theoretical refractive indices. Plane wave electrical field power excitation was done at right
angles to the structure. Figure 5.30 illustrate the simulated structure together with the electric

field distribution within the cavity at peak wavelength of 440nm.
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Figure 5.30 COMSOL simulation of cavity LED electric field distribution showing approximated

guantum well position

As expected, multiple A, periods can be seen in the cavity (29.5 periods can be counted). It can
be seen that the QW position (estimated from LED layers in table 5.1) span over two standing
wave node and antinode therefore, according to RCLED design criterion discussed in section
2.8.4, the antinode enhancement factor should be close to unity. Reflectivity spectrum
simulation results of the cavity is presented in figure 5.31 plotted together with the ER cavity

LED’s EL at 10mA injection current
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Figure 5.31 COMSOL simulation of cavity LED reflectivity spectrum with added emission reduced
(ER) cavity LED’s EL at 10mA injection current

Cavity simulation reveals numerous optical cavity modes due to the long cavity length, FSR
close to 6nm can be seen from the reflectivity plot with reflectivity’s mode position closely
matching EL peaks. The slight differences seen can be as a result the LED, SU-8 adhesion and
DBR optical thickness uncertainties. This confirms that the occurring EL peaks are indeed
emission due to the resonant micro-cavity effects therefore Resonant Cavity Light emitting
Diode (RCLED). The peak mode has FWHM of approximately 3nm, which corresponds to a
linewidth narrowing of approximately 18.5nm. Therefore, reducing the cavity length has the

potential of yielding a single mode with emission narrowing of up to 18.5nm.

5.4 Conclusion
In summary, electrically injected resonant cavity LED using a new approach that is

heterogeneously integrating the LED in an optical microcavity via deterministic transfer
printing has been demonstrated. The LED architecture consisted of standard LED epilayer
commercially purchased with a modified structure having a reduced emission area (via p-GaN
deactivation by CHF3 treatment). Emission area reduction was done to make sure most of the

emitted light was coupled to the cavity. The LED was anchor undercut into individual coupons
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and transfer printed into a stacked optical microcavity (transfer printed DBRs). Device
characterisation showed turn on voltage of approximately 2.7V increase in series resistance
over the course of the processing potentially because of the electrical contacts damage and SU-
8 adhesion layer residue left on the contacts. These negative effects can be mitigated by
optimisation of the contact window opening (with minimal contact damage) via HF wet etch
of the dielectric and using thinner adhesion layer to minimise the residue on the contact. EL
measurements showed resonant cavity effects with multiple modes on the cavity LED emission
closely matching the cavity optical modes (from COMSOL simulation) with free spectral range
of approximately 6nm. The non-enhancement of the emission in the cavity LED was attributed
to the fact that the emitter (QW) covers multiple standing wave periods as demonstrated by the
COMSOL electric field distribution simulation and the multiple modes attributed to the long
cavity with optical thickness of at least SU-8/GaN/SU-8 1.5um/3.43um/1.7um (> 17Ac). The
cavity length can be reduced by using thinner adhesion layers and reducing the LED coupon
thickness by selective etching of the LED buffer layer using TMAH solution and/or
electrochemical etch undercutting of the LED around the n-GaN region (for modified n*GaN
structures), this will considerably reduce the n-GaN thickness. To conclude, despite the low
performance of the transfer printed RCLED due to the non-optimised processing, we were able
to demonstrate a clear new approach for the fabrication of RCLED with potential FWHM

reduction up to 3nm
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6) Chapter 6 - Transfer printed optical microcavities with
active materials

Optical microcavities are ubiquitous in the field of optoelectronics. They help in light
confinement and have been at the origin of numerous phenomena including coupling. Fine-
tuning is often required for optimal device performance. These include; maximum cavities
quality factor, minimum cavity’s length, antinode positioning of emitter and cavity mode and
emitter emission overlap [1] [2] [3]. Device configuration sometimes makes it challenging to
fulfil some of these parameters for example minimal cavity length as seen in chapter 5. We
here by investigate the microcavity effects on different classes of emitters; light emitting
polymer (F8BT) and nanocrystal colloidal QDs (CsPbBr3) which are solution based and offer
advantage of low cost simple processing and deposition by spin coating, which provides some
control over the active layer thickness. Purcell effect in the F8BT microcavity was
demonstrated with emission band narrowing of 80.5nm to 8.3nm from emission outside to
inside the cavity and TRPL measurement of comparable resonant microcavity and non-
resonant microcavity showed carrier lifetime decrease of 0.553ns (68%). QD microcavity with
high quality factor of 1305 was demonstrated with power dependent measurements showing
an increase in integrated intensity, non-significant change in emission linewidth with power

and no definitive threshold.

6.1 Introduction

Quantum confinement has led to the advent of numerous applications stemming from various
phenomena occurring thanks to the microcavity. Optimisation of cavity’s mode volume and
cavity strength are key in maximising the cavity’s coupling strength [4][5]. The advent of new
classes of materials such as nanostructures and light emitting polymers favoured the integration
of active materials in such small cavities therefore, allowing novel material visible wavelength
lasers (organic material and QD). They also serve as down conversion materials [6][7][8][9]for

LED/MicroLED applications such as display technology.

Using Fabry-Perot cavities, mode decay and non-resonant emitter’s exciton decay losses can
never be reduced to zero, as the mirrors reflectivity can never reach 100% and non-radiative
recombination and absorption centres are always present due to defects and materials present.
Nonetheless, the cavity mode decay can be minimised by using top and bottom mirrors close

to 100% hence, maximising the cavity’s quality factor. In addition, the cavity’s length is
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proportional to the cavity mode volume, ensuring the emitter’s emission energy overlap with a

minimal amount of cavity mode is essential in maximising the integrated intensity for
resonance [10]. For this reason, the cavity length needs to be minimised and therefore % cavity

lengths are usually preferred. In Chapter 5, an RCLED was fabricated by transfer printing a
full LED stack between two DBRs. Some of the factors required to maximise light-matter
interaction could not be met due to the nature of the device stack, these include; maximum light
confinement, minimum compatible cavity length and ensuring the emitter is positioned at the
cavity’s standing wave antinode. However, there exist other classes of emitters, which are
solution based therefore offering advantages of low cost processing and thin film deposition
using techniques such as ink jet printing, drop casting and spin coating. This provides the
potential for improved controllability of the cavity length and emitter positioning for our
transfer printed quantum microcavities. Optically pumped Poly(9,9-dioctylfluorene-alt-
benzothiadiazole) light emitting polymer and CsPbBrs perovskite quantum dots microcavities

were fabricated and studied.

Poly(9,9-dioctylfluorene-alt-benzothiadiazole) commonly known as F8BT light emitting
polymer in the yellow and green region of the visible spectrum was used as light emitting
material. F8BT refers to a copolymer consisting of 9,9-dioctylfluorene (F8) and
benzothiadiazole (BT) group as shown in figure 6.1 [11][12]. It is an organic light emitting
polymer from the polyfluorene family [13], the conjugation effect causes the delocalisation of
n-electrons across several carbon atoms along the chain while keeping structural stability [14]
[15] [16]. This leads to the formation of molecular orbital the HOMO (Highest energy
Occupied Molecular Orbital) and the LUMO (Lowest energy Unoccupied Molecular Orbital)
separated by the band gap [14] [15] and this accounts for their semiconducting abilities. FBBT
has properties of high quantum efficiency of approximately 60% to 80% and high electron
affinity of approximately 3.3 eV [17]. Electron and hole mobilities of 6.3 x 10 cm?/Vs and
2.2 x 10° cm?/Vs respectively were reported [18]. In addition to their appealing
semiconducting properties, F8BT and light emitting polymers in general offer advantages of
colour tuning via structure modification, relatively low cost and solution based hence can
simply be processed and deposited using techniques such as drop casting and spin coating [17]
[19]. It also has a wide absorption (with peaks at 320 and 455nm) and a wide emission spectrum
spanning from 500nm to 650nm therefore, its choice as potential functional material. However,
F8BT like other light emitting polymers is not immune to degradation due to excitation in

oxygen and moisture presence (photo-oxidation and photo-bleaching) [20]. For this reason,

168



preferably no exposure to air or moisture during the material processing is required. F8BT has
served already as functional material of various optoelectronic devices such as OLEDs [21],

lasers [22] and solar cells [23].

Figure 6.1 chemical structure of Poly(9,9-dioctylfluorene-alt-benzothiadiazole) F8BT polymer

CsPbBr3 perovskite quantum dots belong to a class of QDs known as lead halide perovskite.
As QDs, they have specific characteristic of optical and electronic properties tune-ability via
material compositional and dimensional changes [24][25][26][27]. When reduced to O
dimension material (3D confinement), that is nanocrystal of size approximately 10 — 20nm,
they show strong quantum confinement in all directions [28][29][30]. This leads to the
formation of discrete quantized carrier density of states in all directions (unlike bulk material
with continuous carrier density of states). This modifies the band edge and therefore the
emission wavelength can be tuned by varying the confinement energy (which is inversely

proportional to the nanocrystal radius) as given in equation 2.29.

Compared to other available quantum dots, CsPbBrs and halide perovskite in general offer
better resistance to structural defects and degradation [31][32][33]. This is because the
generated trap sites upon photo-oxidation are outside the bandgap and their structure are
covered with functional ligands reducing the amount of available free dangling bonds resulting
in better photo and thermal stability [34] [35]. They also show better quantum yield, up to 95-
100% [26][36] and very narrow emission with bandwidth of approximately 10 — 40nm with
emission peak between 520 — 530nm. Thanks to their above exceptional properties halide
perovskite (CsPbBrz) have found application in LEDs [37][38], solar cells [39], amplified

spontaneous emission and lasing [40] [41].

6.2 Microcavities fabrication

6.2.1 F8BT resonant micro-cavity fabrication by transfer printing
The active layer of this resonant cavity was the light emitting polymer F8BT that can be easily

deposited by spin coating. One of the main conditions required to sustain optical modes within
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the micro-cavity is that, the optical cavity length must be an integer multiple of half the centre

wavelength as depicted in equation 2.18

The use of a spacer layer allows effective positioning of the emitter only at the cavity’s centre
while achieving a cavity length of %(m =1). PMMA was used as the spacer layer material.

DBR with linewidth overlapping the F8BT wide emission were required. F8BT thin film
emission spectrum needed to be determined. An F8BT in toluene solution with concentration
10mg/ml was spun at 6000 rpm on silicon substrate followed by baking on a hot plate at a
temperature of 100°C for 5 minutes to ensure solvent evaporation (this was done inside the
glove box nitrogen atmosphere with solvent purification). Ellipsometry and Micro PL
measurement of the F8BT thin film were carried out and results shown in figure 6.2 a). F8BT
thickness of approximately 40nm were obtained, emission peak can be seen at wavelength

538nm with a refractive index of approximately 2.098 at that wavelength.
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Figure 6.2 a) Ellipsometry measurement of F8BT showing refractive index plot b) Yellow DBR
reflectivity and F8BT PL plots showing overlap between bands

A DBR showing good overlap with the F8BT emission was required. The yellow DBR grown
in chapter 4 appeared to be a good candidate. It had large reflectivity stopband width of 93nm,
which overlapped with the FBBT emission spectrum (Figure 6.2 (b)) therefore, was chosen.
DBR grown on Si wafer substrate was cleaved into a small piece with 1x1cm dimensions. This
was to serve as the bottom DBR. This was done for convenience as the bottom DBR transfer
printing step could be avoided. In addition, this ensured much uniform spacer layer thickness
deposited by spin coating (this is highly important as the cavity thickness determines the cavity
mode position). The DBR piece was first cleaned by three solvent cleaning and oxygen plasma

ashed using PVA Tepla asher. Next, adequate PMMA spacer layer needed to be determined.
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For cavity mode around 538nm, PMMA spacer with total thickness of approximately 177nm

was required. For microcavity with centred functional material structure as shown in figure 6.4,

spin coating of PMMA layer with thickness 1772’”"

that is 88.5nm was required to serve as

spacer layers. PMMA of concentration 22mg/ml in toluene was then spun on the bottom DBR
at speed of 5000 rpm for 30s followed by 10 mins bake on a hot plate at 100°C, ellipsometry
measurements revealed a thickness of 89nm and refractive index of approximately 1.526 at
538nm as shown in figure 6.3.
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Figure 6.3 Ellipsometry measurement PMMA refractive index plot

The first 89nm PMMA layer was deposited, followed by 40nm F8BT and then the final 89nm
PMMA spacer layer (in glove box nitrogen atmosphere). Transfer printing of the top DBR
could then be executed. The DBR anchor undercutting and transfer printing were done as
described in chapter 4. This yielded an F8BT microcavity device with configuration
DBR/PMMA/F8BT/PMMA/DBR as shown in figure 6.4. It should be noted that, performing
the transfer printing required the sample to be taken out of the glove box and illuminated with
a halogen broadband light source for alignment. The illumination was done from the top via
the microscope objective across the transparent PDMS stamp. The stamp was partially opaque
to certain wavelengths of light at its pedestal thanks to the presence of the top DBR to be
transfer printed. This means the F8BT was to some degree photo-oxidised and is an important

consideration to bear in mind for characterisation of the cavities.
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Figure 6.4 Schematic illustration (not to scale) of the fabricated F8BT microcavity

6.2.2 CsPbBr; perovskite quantum dot micro-cavity fabrication by transfer
printing
New sets of high reflectivity DBRs with stop-bands matching the QD emission band were

required. Similar DBR types to above were used, that is PECVD grown 12.5 pairs SiNx/SiO:
DBRs. The new growth conditions were; growth time of 5 mins 24s and 2mins 36s for SiNx
and SiO2 to yield thicknesses of 54nm and 105nm respectively. For SiNy and SiO. with
refractive index of approximately 1.92 and 1.46 respectively, this ensured a A, around 514nm.
Reflectivity spectra plot of the grown and COMSOL simulated DBR are shown in figure 6.5.
As can be seen, the spectrum has high peak reflectivity of approximately 99% and wide
bandwidth approximately 86nm and there are no major differences between the plots proving

the correctness of the PECVD growth conditions.
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Figure 6.5 Comparison of COMSOL simulated DBR reflectivity with as grown green DBR

reflectivity

Next, the cavity needed to be fabricated. Similar procedures described in Chapter 4 were used
to fabricate the microcavity. Just like in the case of the F8BT micro-cavity above, a piece of
DBR 1x1cm size was cut from the DBR on Si wafer. The bottom DBR pieces were then cleaned
by three solvent cleaning and oxygen plasma ashing using the asher. CsPbBrs perovskite
colloidal QD with concentration 10mg/ml in toluene were purchased from Ossila. The QD
solution supernatant was spin coated on the cleaned DBR piece at a speed of 1800 rpm for 30s.
The spin speed was kept low in order to minimise the dots losses during spinning. This yielded

an uneven coated DBR surface consisting of agglomerated quantum dots

A spacer layer (QD host material) with specific optical thickness was required to ensure
adequate cavity mode positioning (overlap with the QD emission). PMMA polymer just like
above was used. The PMMA also served as adhesion promoter for the transfer printing of the
top DBR. From equation 2.18, a thickness of approximately 169nm is required to ensure a A,
around 520nm for PMMA cavity with refractive index of 1.53 at 520nm. PMMA with
molecular weight 120000 dissolved in solvent toluene with concentration 30.9mg/ml was
found to produce thickness of approximately 165nm when spin coated at a speed of 1800 rpm
for 30s followed by 10mins baking on a hot plate at 100°C (determined via ellipsometry
calibration measurements). Therefore, a 165nm PMMA layer was deposited on the sample by
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spin coating. The DBR was anchor undercut into suspended 100um sized coupons. Transfer
printing was carried out as described in Chapter 4 with the PMMA also serving as adhesion

promoter hence, a QD microcavity. An overview of the process is illustrated in figure 6.6.

CsPbBr3 QD
12.5 pairs Cleaning and QD spin
grown DBR coated
Si substrate

PMMA
spin coated

Top DBR PMMA

. — .

Figure 6.6 Quantum dot microcavity fabrication

6.3 Microcavities characterisations and discussion

6.3.1 F8BT microcavity characterisation
Optical characterisation techniques of microPL (uPL) and Time Resolved PL (TRPL) were

used to characterise the FBBT micro-cavities as they offer quick characterisation without the
need of electrical connections. Room temperature uPL measurements were done with the
sample under vacuum by putting the sample in an optical cryostat kept at pressure 10 mBar.
Laser with pulse width 83ps, excitation at wavelength 375nm and average power of 0.1mW
was made incident on the cavity (area of the sample covered with the top DBR) and on F8BT
outside the cavity but on the bottom DBR (area of the sample not covered with the top DBR).
The obtained results are shown in figure 6.7; bandwidth narrowing can be seen as the
bandwidth reduces from 80.5nm, to 8.3nm from outside to inside the cavity respectively. The
micro-cavity reflectivity spectrum was also simulated in COMSOL using the materials
parameters (refractive indices and thicknesses) above. This plot is superimposed in figure 6.7.
Cavity mode can be seen at wavelength 537nm; this should correspond to the designed cavity
mode position. The designed cavity mode position is not far from the micro-cavity peak
emission wavelength of 534nm. These confirms the occurrence of micro-cavity effects by

coupling between the emitter and cavity modes due to the presence of the cavity. Reflectivity
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side lobes effects from the bottom DBR can also be seen on both the F8BT outside and inside

cavity measurements.

1.2 -

Cavity reflectivity Comsol simulation| [* 1.2
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Cavity reflectivity Comsol simulation
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Figure 6.7 Plot of the F8BT resonant micro-cavity and non-cavity photoluminescence together with
the cavity’s Comsol simulated reflectivity; showing emission linewidth narrowing at the micro-cavity

mode

In addition to emission linewidth narrowing, the decay carrier dynamics measurements through
time resolved PL is a common method often used for measuring and comparing the carrier’s
spontaneous emission rate [42][43] [44] , hence for Purcell effect investigation. Therefore, this
needed to be performed for further investigating coupling effects. TRPL was carried out at the
respective peak wavelengths (530nm outside cavity and 534nm inside the cavity from figure
6.7). Here, the same-pulsed laser was used as in the case of uPL with repetition rate of 10MHz.
The system employs the Time Correlated Single Photon Counting (TCSPC) technique as
explained in Chapter 3. The obtained decay dynamics were then deconvolved from the IRF to
obtain the actual decay plot using an iterative deconvolution process using the software Fluofit.
The plot could then be fitted using a bi-exponential exponential function as shown in equation
6.1. The bi-exponential fitting can be explained from the conjugated polymer physical model

consisting of intra-molecular excitons (represented by primary exponential, usually having
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shorter decay times) and interchain states (represented by secondary exponential, usually

having longer decay times) [45] [46]

t t
I(t) = 1419_H + Aze_a (61)
Where A1 and A are the fast and slow decays respectively, 11 and 12 are the fast and slow time

constants respectively, I(t) is the instantaneous intensity

Optical excitation was performed at the same laser average power of 0.1mW for both cavity
and non-cavity measurements but the received power by the F8BT in the cavity should be lower

than that outside the cavity due to some attenuation from the top DBR reflective nature.
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Figure 6.8 Plot of the F8BT resonant micro-cavity and non-cavity Time Resolved PL; showing decay

dynamics of the carriers

Figure 6.8 shows the plotted TRPL decays together with the IRF function. Measured decay

time constants of F8BT in cavity and F8BT outside the cavity are shown in table 6.1.
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Samples T1/ns
F8BT resonant cavity 0.253
F8BT outside cavity 0.199
Table 6.1 Extracted time constants for F8BT resonant cavity and photo-oxidised F8BT

As seen from Figure 6.8 and Table 6.1, the carrier decay plots appear very similar with a very
small decrease from F8BT in resonant cavity to F8BT outside the cavity of 0.054ns (21%
decrease). According to literature, micro-cavity effects even in the weak coupling regime
should increase the recombination rate; that is, carrier lifetime should decreased because of the
Purcell effect [32] [47], [48] which is the opposite here.

The difference in actual excitation power as a result of the top DBR attenuation effect discussed
above appeared to be the most noticeable difference and hence, was considered to be a potential
reason for the higher seen recombination rate (smaller carrier lifetime) outside the cavity.
Therefore, power dependent TRPL measurements were carried out for the F8BT outside the
cavity to check the extent of its importance. An attenuator with two sets of six optical filters
(attenuation ND values of 1, 0.6, 0.5, 0.4, 0.3 and 0.2) were used, combining any two filters
were possible therefore allowing a wide range of optical power density attenuation. Four
outside the cavity TRPL measurements were carried out at power attenuations of
approximately 73.6%, 66%, 46%, 42% and 0%. Figure 6.9 shows the obtained plots. It should
be noted that unlike the TRPL plots in figure 6.8, these power varying TRPL was not carried
out under vacuum but ambient air (that is the sample was removed from the vacuumed optical

cryostat).
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Figure 6.9 Plots of time resolved PL of F8BT outside the cavity at different excitation power

intensities; showing slight increase in carrier life time

Table 6.2 shows the measured time constants for all excitation power plots

Power attenuation percentage T1/ns
73.6% 0.203
66% 0.244
46% 0.246
42% 0.263
0% 0.289

Table 6.2 Extracted time constants for photo-oxidised F8BT at different excitation powers

As it can be seen in Figure 6.9 and Table 6.2, decrease in excitation power (increasing the
power attenuation percentage) has the effect of slightly decreasing the average lifetime, by
0.086ns (30%) even for up to 73.6% power attenuation. Therefore, the excitation power
attenuation for the cavity measurements due to the top DBR is not enough to explain the

observed low outside cavity F8BT lifetime shown in figure 6.8. Apart from the micro cavity
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coupling effect, another difference between the microcavity F8BT and non-microcavity F8BT
is the level of photo-oxidation during the transfer printing process as explained in section 6.3.1.
The top DBR does not only provide optical confinement for the microcavity effects but also
serves as a light filter (attenuator) during the transfer printing process and covers the F8BT
surface post transfer printing therefore, providing some level of protection to photo-oxidation

induced degradation, this is illustrated in figure 6.10
Transparent PDMS stamp

AN

Top DBR———— Top DBR partial
shadowing

Halogen lamp rays

Major/severely Partially photo-oxidised and
photo-oxidised F8BT encapsulated F8BT

Bottom DBR : :
\ —————F8BT —)

Si substrate

Figure 6.10 diagrammatic illustration of protection offered by top DBR during transfer printing

Photo-oxidation induced degradation on conjugated polymers and F8BT polymer in particular
have been shown to have many effects such as degradation in conductivity, absorbance and PL
efficiency [49][50][51]. A decrease in PL lifetime as a result of photo-oxidation was also
noticed in conjugated polymers, this was demonstrated by Salvador et al in their work involving
the suppression of photo-oxidation in various © — conjugated polymers and their blends using
nickel chelate nickel (I11) dibutyldithiocarbamate Ni(dtc). antioxidants [52]. Using PL lifetime
(TRPL) measurement as a robust degradation mechanism determination technique, they were
able to demonstrate an unchanged PL lifetime for polymer PTB7 with 10%wt Ni(dtc). after
30mins photo-oxidation meanwhile, the pure PTB7 showed noticeable decrease in PL lifetime
after 30 mins photo-oxidation [52]. For this reason, the difference of level of photo-oxidation
degradation of the inside cavity and outside cavity F8BT were considered as a potential reason
for the higher recombination rate outside the cavity compared to inside. To check this
hypothesis, a new outside cavity F8BT sample were fabricated under the same conditions as in
section 6.3.1 (with configuration DBR on silicon/PMMA/F8BT/PMMA, in the glove box), no
top DBR was transfer printed and the sample was transferred immediately into the uPL vacuum
cryostat under no illumination (in a black box). This was to ensure little to no photo-oxidation.

Figure 6.11 shows the uPL and TRPL of this non-photo-oxidised outside cavity (at emission
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peak wavelengths that is 537nm and 531nm for outside and inside the cavity respectively)

compared to the photo-oxidised outside cavity F8BT thin film measured previously.
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Figure 6.12 Optical plots comparison between severely photo-oxidised and non/minor photo-oxidised
F8BT a)PL plot b) time resolved PL plot

The photo-oxidation degradation can clearly be seen to cause a considerable approximate 6x
decrease in PL intensity and average PL lifetime decrease of 0.301ns (60% decrease, which is
more significant lifetime change than in the case of power dependent TRPL above) from the
minor photo-oxidised and major photo-oxidised F8BT. Table 6.3 shows the time constants for
both FBBT samples.

F8BT sample T1/ns
Major photo-oxidised 0.199
Minor photo-oxidised 0.500

Table 6.3 Extracted time constants for photo-oxidised and non/minor photo-oxidised F8BT

This confirms our hypothesis above and therefore the more pronounced photo-induced
degradation effects in the outside cavity F8BT film explains the seen higher recombination rate
outside the cavity compared to inside shown in figure 6.10. The non-radiative recombination
component accounts for this increase and therefore, the photo-oxidised outside cavity F8BT

TRPL measurements are not comparable to the F8BT micro-cavity.

However a non-resonant F8BT micro-cavity that is, one where the cavity mode does not
overlap with the F8BT emission presents a more similar configuration to the resonant cavity
as it also involves the transfer printing of a top DBR helping in light filtering (attenuation)
during the transfer printing process and F8BT encapsulation as in the case of the resonant cavity.

Therefore, can be compared to the resonant FBBT micro-cavity. A non-resonant F8BT micro-
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cavity was fabricated by transfer printing using the same parameters and conditions described
in section 6.2.1 but this time using DBRs having reflectivity band (and therefore cavity mode)
not overlapping with the F8BT emitter emission. Blue reflective DBR (from Chapter 5) with
A of 455nm was used as it could serve this purpose. Figure 6.11 shows the blue DBR
COMSOL simulated reflectivity spectrum and F8BT emission showing the non-overlap

between the reflectivity band (and hence cavity mode) with the F8BT emission.
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Figure 6.11 Plot showing reflectivity spectrum of blue DBR together with F8Bt emission showing

non-overlap between their bands

uPL and TRPL of the non-resonant cavity was carried out at emission peak wavelength of
515nm. Figure 6.12 shows the non-resonant cavity uPL emission together with the cavity’s
DBR reflectivity. The TRPL comparison between F8BT inside resonant cavity and inside the

non-resonant cavity is also shown.
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Figure 6.12 a) non-resonant cavity UPL emission together with the cavity’s DBR reflectivity b) time

resolved PL plot of F8BT in resonant cavity and non-resonant cavity

Table 6.4 shows the extracted time constants

F8BT sample T1/ns
Resonant cavity 0.253
Non-resonant cavity 0.806

Table 6.4 Extracted time constants for F8BT resonant cavity non-resonant cavity and outside cavity

(non photo-oxidised)

A clear decrease in average carrier lifetime of 0.553ns (68% decrease) can be seen from F8BT
in the resonant cavity to that in the non-resonant cavity. This can only be because of the
resonant micro-cavity effect existing in the case of the resonant microcavity F8BT sample.
This carrier lifetime decrease with the emission linewidth narrowing of approximately 72nm
are clear indications of increase in recombination rate as a result the micro-cavity effect hence

micro cavity Purcell effect. The cavity’s quality factor can be calculated using equation 2.24

Inserting the values for the resonant F8BT micro-cavity from figure 6.7 gives a quality factor
of approximately 64. The cavities quality factor defines how good the cavity is at confining
light that is, avoiding its leakage outside the cavity. However, absorption losses of the F8BT
material and lateral emission could be potential reason for the low quality factor. In addition,
the F8BT low quantum yield, film roughness caused by mixing caused at the interlayer
boundaries (PMMA-F8BT) may lead to scattering losses hence reduction in cavity’s quality

factor.
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6.3.2 QD microcavity characterisation
The QD microcavity was also characterised using optical techniques; the confocal PL (CPL)

system described in Chapter 3. Confocal PL measurements of the QD cavity (measured with
excitation from the top transfer printed DBR) and QD outside cavity (measured from regions
without top DBR) were done using continuous laser excitation at 375nm at power 1ImW. Figure
6.13 a) shows the normalised emission spectra with CPL scan image of some of the cavity area
with their respective emission plots in the inset. QD outside the cavity shows emission
spectrum with bandwidth of 100nm while cavity measurements shows smaller emission
linewidth of minimum value of 0.4nm. That is a considerable bandwidth narrowing of up to

99.6nm due to the micro-cavity effects.

COMSOL simulations of the cavity was also carried out, this is also shown in figure 6.13 a), a
cavity mode can be seen at wavelength of approximately 520nm, which is close to the QD
micro-cavity emission peak wavelength of 522nm. The slight difference could be as a result
slight differences between the wanted DBR layers and cavity thickness to the actual deposited
ones. The enormous linewidth narrowing confirms micro-cavity coupling effects between the
QDs excitonic mode and cavity mode leading to the band narrowing. The CPL scan shows
uneven distribution of the QDs as emission can only be seen at certain spots of the scanned
area, showing the limitation of spin coating as a deposition technique for colloidal QD (even
at a slow spinning speed of 1800rpm). Similar bandwidth narrowing can be seen at all emission
spots with small emission linewidth of approximately 0.4, 0.6 and 0.7nm for points A, B and
C respectively, confirming the micro-cavity effects. Such emission linewidth narrowing is a
commonly observed lasing behaviour, for this reason, power dependent measurements had to

be done for investigation of potential lasing from the QD micro-cavity as described below.
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Figure 6.13 a) Plot of the QD emission outside and inside the cavity with superimposed Comsol
simulated Cavity reflectivity spectrum (inset showing outside cavity excitation optical microscope
image) b) Plot showing QD emission inside cavity at different spots showing repeatable linewidth

narrowing (inset showing different spot excitation scan inside cavity)

Using equation 2.24, a high cavity quality factor of approximately 1305 were calculated, this
shows a high degree of confinement and hence a good microcavity quality. Next, power
dependent CPL were performed in order to investigate lasing characteristics. The CPL of the
microcavity was measured at various excitation powers from range 10.25uW to 233.9uW. The

emission plots are shown in figure 14 a)
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Figure 6.14 a) QD cavity emission spectrum plots at different excitation powers b) emission peak
wavelength against power ¢) Power dependent plot of emission intensity area and linewidth from

confocal PL

As it can be seen, increasing the power led to a noticeable increase in the emission peak as
more carriers are injected leading to increased recombination and hence increase in emission
peak. In addition, a blue shift in the emission can be seen as shown in figure 6.14. This could
be an indication of photo-oxidation induced degradation because of surface state formation due
to oxygen and water vapour molecules adsorption to the surface [53][54][55] as discussed in
Chapter 2.

It should be noted that, the CPL system’s was set up for the use of a power meter (Thorlabs cal
2015-1124) connected to one of the objectives ports on the microscope for determining actual
incident power therefore, continuous swapping of objectives were required in between the

measurements to measure the emission plot and the set excitation power. This was necessary
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for measurements below 1mW. These subsequent objectives swapping caused slight
displacements on the sample and/or pin hole, which led to different spot measurements, making
the measurement non-repeatable because of the uneven distribution of the QDs, adding
uncertainty. This was a limitation of the measurement set up which, potentially affected the

obtained results.

Integrated area and linewidth of all the plots were measured by fitting a Gaussian function to
the plots, this was then plotted on against power as shown in figure 6.14 c) to investigate the
power dependent non-linearity effect. The results show an overall increase and saturation in
intensity and linewidth with power but does not show clear evidence of threshold behaviour
characterising lasing action. This could be because of the noticeable decrease in the QDs
quantum yield upon excitation caused by photo-oxidation excitation hence, no gain. The low
QD density seen as result of the inefficiency of their deposition technique (spin coating) could
also be a reason for no gain. The cavity planar configuration also means there exist lateral
leakage of photon (loss) therefore not enough confinement for lasing and finally this could be

because of the measurement limitation.

In order to mitigate the CPL measurement limitations discussed above and explore a wider
range of excitation powers, the uPL system described in Chapter 3 were used. Here an
attenuator with two sets of six optical filters (attenuations ND values of 1, 0.6, 0.5, 0.4, 0.3 and
0.2) were positioned on the excitation laser path and used. Power variations could easily be
done by matching any combination of two filters allowing a wide range of optical power
density attenuation. In addition, all set excitation powers could be measured before excitation
experiments, therefore no objective swapping hence, single spot measurement for all

measurements unlike the CPL above.

Measurements were carried out for excitation power of from 2.3uw to 4.47mW (but with all
data still above 10uA except 2.3uW). Using uPL, the very narrow linewidth of approximately
0.4nm seen in the CPL could not be replicated with minimum obtained linewidth of
approximately 2.1nm. This could be because of the degradation of the deposited QDs as the
sample was previously excited by CPL under ambient air hence photo-oxidisation induced
degradation. This could also have been because adequate focusing of the objective onto the QD
cavity were not possible as the motor required for fine adjusting the vertical sample stage via
software was faulty, therefore, only manual focusing was done. Finally, the uPL system used

did not offer any spatial resolution therefore all neighboring emission and scattered light was
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also collected. Figure 6.15 shows the plotted power dependent integrated area and linewidth of
the QD emission via uPL excitation. The results are very similar to the CPL in figure 6.14 c,
noticeable increase then flattening of the intensity can be seen with power increase and very
little changes in linewidth can be observed except at power 2.3uW. This could mean the
threshold is below 2.3uW power excitation and excitation at lower powers could reveal it. This
shows further optimisation is required in ensuring a higher concentration of QDs with even
spreading in the transfer printed cavity, reduction in cavity optical leakage and better power
dependent measurement set up without the limitation discussed above.
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Figure 6.15 Power dependent plot of emission intensity area and linewidth from uPL

6.4 Conclusion
We demonstrated the fabrication of two types of low cavity length active material resonant

microcavity devices; F8BT and QD (CsPbBrz CQD) by transfer printing. Active layer
deposition was done by simple low cost spin coating and cavity built by deterministic transfer
printing. F8BT cavity PL measurements showed a considerable emission band narrowing of
80.5nm to 8.3nm from emission outside to inside the cavity and TRPL measurement of
comparable resonant microcavity and non-resonant microcavity showed carrier lifetime
decrease of 0.553ns (68%). This was attributed to microcavity Purcell effect because of the
microcavity. Photo-oxidation were also seen to have significant impact on carrier emission and
carrier lifetimes as emission intensity drop and carrier lifetime decrease were seen as a result

of increase in non-radiative processes due to the photo-oxidation induced degradation. F8BT
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quality factor of approximately 64 was calculated from the emission band narrowing, the
photo-oxidation, high absorption coefficient, low quantum yield and optical roughness of the
layers were suggested as possible reasons for the seen quality factor. QD cavity showed a
higher quality factor of 1305 with emission band narrowing from 100nm to 0.4nm from outside
the cavity to inside the cavity. This is thanks to their higher quantum yield and spatially
resolved measurement (confocal PL). Repeatability of the results were shown with
measurements at different spots. Power dependent measurements were non-conclusive as no
threshold behaviour was seen for the emission linewidth. Potential reasons for this are QDs
photo-oxidation degradation, QD low density, and emission lateral leakage and measurement

technique limitations hence the need for better optimisations.
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7) Chapter 7 - Conclusion

In this Chapter, an overview of all research undertaken is presented together with the main

findings. In addition, future research suggestions are device performance improvement.

7.1 Overview
The developed fabrication approach involved the fabrication of DBR Fabry-Perot planar

microcavitty, this was chosen due to the ease of fabrication and characterisation. It is important
to note that the developed platform serves as a proof of concept with the potential of better
performance after process parameter optimisation. Nonetheless, important microcavity effects
described in literature could be observed. These are summarised below

7.1.1 Development of heterogeneous fabrication approaches for the fabrication

of microcavity devices by transfer printing
Reflectors in general and DBRs in particular for our chosen type of cavity are essential

components as they are the elements in charge of light confinement. In this chapter, the
platform allowing the anchor undercutting and transfer printing of DBRs was described. This
involved the PECVD growth of the DBRs on Si (111) substrate, patterning of the grown DBR
into coupons attached to anchors by tethers while making sure the anchors are parallel align to
the <110> direction and two of the coupon sides normal to the <110> direction. This was to
ensure adequate undercut of the coupon and their tethers only (not anchors) thanks to the high
KOH Si etch rate along the <110> direction compared to the orthogonal direction. Transfer
printing of individual DBR coupons on new substrate and transfer printing of passive
microcavities as stacked DBRs separated with a spacer layer was performed. Some processing
optimisation of effective DBR pattern masking using Ti/Al metals and tether strength
optimisation by sizing was necessary to achieve a high coupon yield of approximately 100%.
Reflectivity measurements showed strong similarity between the grown, transfer printed and
COMSOL simulated DBR with peak reflectivity of 99% and wide linewidth of 95nm.
Therefore, our platform was successful at the transfer printing of high quality DBRs.
Microcavity reflectivity measurements didn’t show a clear cavity mode as expected due to the
measurement setup limitations of no spatial and angular resolution which are critical for our
small size coupons (100um) reflectivity measurments. It is also important to note that our
platform provides advantages of scalability, versatility and potential of high through put

fabrication
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7.1.2 Fabrication of GaN based RCLED via a Modified Transfer Printing

Technique
In this chapter, an important GaN based functional device, the RCLED was fabricated using

our platform. The RCLED serves in many applications such as infrared wireless
communication and Plastic Optical fibre (POF) [1], high brightness lighting applications [2][3]
and display technology thanks to their attractive properties of enhanced emission intensity,
purer emission, and more directional emission with relatively low cost of fabrication. Using
our platform, a wide cavity length RCLED was demonstrated. Strain compensation was done
using SiO dielectric to make sure the LED coupon is as flat as possible. Anchor undercutting
of both LEDs and DBR into coupons attached to anchors by the tethers was done. The DBRs
used was grown to have stopband corresponding to LED emission. The LED and DBR were
transfer printed in a configuration where the LED is sandwiched by two DBRs. Device
structure was modified to have a reduced emission area, this limit the non-coupled emission
hence maximising resonance. Electrical characterisation showed the device processing need
some optimisation as series resistance were seen to increase due to the damage caused on the
device contact during their window opening. Some considerable self-heating because of the
strain compensation dielectric and adhesion layer SU-8 were also seen causing the emission
band blue shift. Despite all the non-optimised steps, the device worked with turn-on voltage of
about 2.7V with EL measurements showing cavity mode emission with FSR of approximately
6nm and peak emission mode with FWHM of approximately 3nm. COMSOL simulation were
carried out and this matched the seen emission with some slight differences due to the layers
thicknesses uncertainties. Therefore, we demonstrated a proof of concept new approach of
RCLED fabrication by transfer printing with potential of single mode narrow emission of 3nm

when fully optimised.

7.1.3 Transfer printed optical microcavities with active materials
One of the main limiting factor for our fabricated RCLED in chapter 5 was the wide cavity

length. Thankfully there exist other classes of emitters which are solution based and therefore
can be deposited as thin film active layers using simple and low cost techniques such as spin
coating and drop casting. In this Chapter, light emitting polymer F8BT and CQD CsPbBrs
optical microcavity were fabricated and characterised. This involved their spinning on bottom
DBR with spacer layers PMMA to ensure accurate cavity length tuning. This was then followed
by the transfer printing of the top DBR to form the active optical microcavity. PL measurement
showed considerable emission band narrowing due to the microcavity 80.6nm to 8.3nm for

F8BT and 100nm to 0.4nm for QD cavity measured by microPL and confocalPL respectively.
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Due to photo-oxidation effects leading to an increase in non-radiative processes, carrier decay
measurements (TRPL) of the resonant cavity F8BT could not be compared to outside cavity
F8BT as it was considerably degraded due to photo-oxidation. However, comparison was made
between the resonant and non-resonant F8BT microcavity, which went through similar
processing, and hence similar levels of photoxidation. Carrier lifetime was seen to decrease by
0.553ns (68% decrease) from non-resonant to resonant cavity hence, Purcell effect
demonstration. Despite the large line width narrowing, cavity quality factor measurement of
the F8BT cavity was only 64, this can be attributed to the active material high absorption
coefficient at the cavity emission, low quantum yield and potential rough optical interfacing
with the spacer PMMA layer. Lasing investigations were carried out for the QD microcavity
by measuring the Power dependent PL. Non-linearity behaviour was not clear as the integrated
intensity were seen to increase with power but the emission FWHM was relatively constant.

The above results demonstrate the successful fabrication and characterisation of various active
material optical microcavity devices using our develop platform. Despite the low performance
of the devices, the concept was demonstrated and this provide a novel approach for optical
microcavity devices fabrication by transfer printing offering advantages of scalability,
versatility and potential of high through put fabrication. Various processing and
characterisation optimisations are needed for better device performance as seen. Below is an
overview of all with the next step of the research.

7.2 Future works
In terms of the LED self-heating issue, alternative optically passive adhesion layers could be

used, which are thinner and as sticky. The use of InterVia was demonstrated by Shaban et al
[4] where they were able to transfer print LED coupons into trenches. Their transfer printed
LED showed I-V plot not very different from their processed LED, there was a slight decrease
in resistance due to the band gap shrinking effect of self-heating. Effective SiO. etching for
exposing the contacts is needed for better device electrical properties. This may be done by
effectively calibrating the dry etch rates RIE and/or ICPRIE. Alternative etch methods such as
HF wet etch could also be used and it is effective at etching SiO. and not the contact metals
used in our LED. Strategies could also be implemented for the reduction of the LED coupon
thickness such as selective etching of the LED buffer layer using TMAH solution [4] and/or
electrochemical etch undercutting of the LED around the n-GaN region (for modified n*GaN

structures).
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QD microcavity showed some optimistic results with high quality factor greater 1000.
Challenges encountered include; low density and uneven QD distribution as most are washed
away due to the spinning deposition. This could be solved via other deposition methods such
as drop casting, but drop casting adds uncertainty on the cavity length (another critical cavity
parameter to ensure coupling). As the solvent plays an important role in the dismissal of the
dots from the surface to be coated, solvent free transfer printing of the QD provides another

alternative for QD deposition, this was demonstrated by Kim et al for display technology [5].

The obvious next step of the research will be the heterogeneous integration of more than one
active material in the cavity; that is an LED and a down conversion material. Here, the high-
energy photons from the GaN based blue emitting LED will be absorbed by the down
conversion material and reemitted at lower energy hence down conversion. This is a highly
popular method utilised for colour tuning and conversion for example in white light generation
using blue LEDs. Various polymers and QD having characteristics; low light scattering, high
quantum yield, high photo, chemical and thermal stability and long lifetime [6] could serve as
down conversion materials. In addition, non-radiative energy transfer between spatially
separated but quantum entangled molecules in optical microcavities were demonstrated [7].

This could serve as pathway to resolution of the green gap problem resolution
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