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Abstract

In this work, the design implementation, fabrication and characterisation on 11-
nitride microemitters with microcavity effects grown on c-plane sapphire are
presented. Highly doped GaN layers have been effectively porosified by means
of electrochemical etching (EC). Different porous morphology is established by
varying the doping level of the GaN layer and the EC bias voltage, enabling a
wide refractive index tunability of the porous layer. Through this thesis the
potential of nearly-lattice matched nanoporous GaN as a cladding layer and as a
Distributed Bragg reflector (DBR) has been fundamentally studied. There are
three major parts that constitute the outcome of the work. The first part is on the
development and characterisation of a novel microcavity based microemitter
array, which partially mitigates one of the consequences of the Quantum
Confined Stark Effect (QCSE). The so-called ‘blue shifting’ of the emission
wavelength that is considered to be one of the long-standing problems of Ill-
nitrides has been reduced from 50 nm to 3 nm. The second part highlights a novel
approach towards micro-Vertical Surface Emitting Lasers, which is achieved by
developing a direct epitaxial method based on selective epitaxial growth. Nearly
lattice-matched porous DBRs have been achieved with reflectivities over 99%.
Strong cavity effects have been demonstrated via electrical and optical pumping.
Although stimulated emission is not fully confirmed, the full width at half
maximum of the peak emission has been reduced by a factor of 5. Finally, the last
part is an introduction on the potential enhancement effect of porous GaN as a
cladding layer in I1I-nitride green edge emitting lasers, instead of conventional
AlGaN. There is an enhancement in the optical confinement by a factor of 2.5, as
verified using a Finite Difference Eigenmode solver. Porous cladding layers have
been effectively formed, achieving porosities of 50%. Effective current injection
through the porous was demonstrated. However, the inherent challenges from the
cleaving of sapphire substrates limited the facet formation. Thus, stimulated
emission was not confirmed yet.



Acknowledgements

| would like to express my gratitude to the people who helped me during my
journey of pursuing a PhD. First, I would like to thank Prof. Tao Wang, who gave
me the opportunity to purse a PhD degree in the area of Ill-nitrides. His advice
and opinions not only guided me through my research but also shaped my
mentality.

| am also very grateful to Dr. Jie Bai, Dr. Yuefei Cai, Dr. Nicolas Poyiatzis, Dr.
Ye Tian and Dr. Suneal Gathora. Specially | would like to say thanks to Dr.
Xiangyu He who helped me to improve my device fabrication skills and boosted
my theoretical knowledge. Finally, | would like to thank to Dr. Elizabeth Prieto
for all the useful suggestions about my research and discussions about VCSELS.

This project would not be possible without the people who grew the samples and
spend uncountable amount of time taking care of the MOVPE reactors, they are
the real motor of this group. Therefore, | want to show my most sincere gratitude
to: Xinchi Chen, Rongzi Ni, Ce Xu and Dr. Peng Feng. Furthermore, | would like
to thank to Dr. Chengi Zhu, who introduced me into the growth field during the
last few months of my PhD and was always very patient in helping and explaining
MOCVD growth.

Finally, I would like to express my sincere appreciation to my parents, my brother
and the rest of my family, for their love, support and encouragement all the time.
Special thanks to my girlfriend for her support and company during these tough
years (ai ai ai).



Publications

G. Martinez de Arriba, P. Feng, C. Xu, C. Zhu, J. Bai and T. Wang,
“Simple Approach to Mitigate the Emission Wavelength Instability of I1I-Nitride
uLED Arrays”. ACS Photonics 9, 2073-2078 (2022).

P. Fletcher®, G. Martinez de Arriba’, Y. Tian, N. Poyiatzis, C. Zhu, P. Feng, J.
Bai and T. Wang, Optical characterisation of InGaN-based microdisk arrays with
nanoporous GaN/GaN DBRs. J. Phys. D: Appl. Phys. 55, 464001 (2022).

* Co-first author

C. Zhu, C. Xu, P. Feng, G. Martinez de Arriba, J. Bai and T. Wang,

A comparison study of InGaN/GaN multiple quantum wells grown on (111)
silicon and (0001) sapphire substrates under identical conditions. J. Phys. D: Appl.
Phys. 55, 444003 (2022).

P. Feng, C. Xu, J.Bai, C. Zhu, I. Farrer, G. Martinez de Arriba, and T. Wang,
A Simple Approach to Achieving Ultrasmall 111-Nitride Microlight-Emitting
Diodes with Red Emission. ACS Appl. Electron. Mater. 4, 2787-2792 (2022).

Y. Tian, P. Feng, C. Zhu, X. Chen, C. Xu, V. Esendag, G. Martinez de Arriba
and T. Wang, Nearly Lattice-Matched GaN Distributed Bragg Reflectors with
Enhanced Performance. Materials 15, 3536 (2022).

G. Martinez de Arriba, P. Feng, C. Xu, C. Zhu, J. Bai and T. Wang,
Micro-LEDs with a mode control emission wavelength. Semiconductor &
Integrated Optoelectronics conference (SIOE), 12-14™ April 2022, Cardiff.




Contents

AAADSITACT ...t e e e re e e areearee s I
ACKNOWIEAGEMENTS ...ttt snee e ]
PUBIICALIONS ... et et i
LISE OF FIQUIES ...ttt sttt VIl
LISt Of TADIES ... e XV
Chapter 1: INtrOAUCTION ......cvveiieiie e 1
R |V, 0] (V72 Ao ] o TSSOSO 1
1.2 History of the development of I1I-nitride light emitting diodes.................. 2
1.3 ChallBNQES. ...cceeeiie ettt anee s 3
1.3.1 1SSUES WIth SUDSIIALES.......ecvveieeiie e 3
1.3.2 Quantum confined Stark effect (QCSE)........ccccvivviviiiiiiieiiecc e 4
1.3.3 ISSUB ON QIEEN JAP weeeivreieiririeeiieeessiieressiteeesssneessstreesssseeesssreessssseeesnsneenas 5
1.3.4 EffiCIENCY UrO0P ..oveeiiecie ettt 6
1.5 TNESIS OULIINE ..ot 7
1.6 RETEIBNCES. ..ottt e ae e re e nre e e e anee s 9
Chapter 2: BaCKgroUNd ..........cccoiiiiiieiic e 13
2.1 Semiconductor device fundamentals..........cccocereiieniiiinniisie e 13
2.1.1Crystal structure of HI-Nitrides.........cccvvviieeiieiie e 14
2.1.2 Carrier concentration, doping and recombination............c.ccccvvivernnnns 17
2.1.3 P-n junctions, heterojunctions and light emitting diodes..................... 19
2.1.4 Principles of 1aser diodes..........ccccovevieiiiiiiiciie e 22
2.2 I11-nitride Vertical Cavity Surface Emitting Lasers (VCSELS) ................ 24
2.2.1 BACKGIOUNG.....cuiiiiiiieiiiieeie et 24
2.2.2 Anti-guiding effectS ......covoiiiii 26
2.2.3 Distributed Bragg Reflectors (DBRS) .......cccovveviviieeieiiinnesieneeee e, 27
2.2.4 Electrochemical etching of GaN to form nanoporous GaN (NP GaN)
....................................................................................................................... 30



2.2.5 Microcavities and Whispering Gallery Modes (WGM) in a microdisk

F= TS PSSRSO 34
2.3 RETEIBNCES..... oottt e et sae e anre e 36
Chapter 3: Experimental and characterisation techniques for Il1-nitride
(0] 0 0]=] [=Tox (o] o oSSR 42
3.1 Experimental teCANIQUES.........couviiiiiieiecece e 42
3.1.1 Metal organic chemical vapour deposition (MOCVD)..........cccccuevneen 42
3.1.2 Photolithography ..o 43
3.1.3 Etching teCNNIQUES........eoiieiieee e 44
3.1.4 Thin film depoSition ..........cccoveiiiiie i 45
3.2 Optical and electrical characterisation.............ccccoccveeieeiieeecie s 48
3.2.1 PhotoluminesCenCe (PL)......ccooveiieiie et 48
3.2.2 Confocal photoluminesCeNCe..........cccvevveiiieeiiecee e 49
3.2.3 MICro-PhotOIUMINESCE. .....cviivieiiiie e 50
3.2.4 Electroluminescence (EL) .....ccocovveiieiiiiie s 51
3.2.5 Scanning electron microscopy (SEM)......cccoveiiiiiiiineiienee e 51
3.2.5 EHIPSOMELIY .....veiieeieecee ettt et 52
3 RETEIBINCES ...ttt st anes 53
Chapter 4: Study of whispering gallery modes (WGM) in IlI-nitrides by FDTD
............................................................................................................................. 54
g I [ oo [0 Tod 1 o] o SRRSO 54
4.1 Finite difference time domain (FDTD) method algorithm........................ 55
4.2 Modelling of WGM in microdisks based on an undercut structure .......... 57
4.3 Modelling fabrication and characterisation of microdisks with nanoporous
CladdiNg QYIS ...t 60
4.4 Simulation of InGaN/GaN active region using SILENSE ................c........ 65
4.5 CONCIUSION ...ttt et e be e e nte e e ereeennnas 67
4.6 RETEIEINCES .....c.uee ettt st e e nte e e reeenreas 67
Chapter 5: Enabling emission stability to microLED arrays by using
MICTOCAVILY BTFECTS ....viiiieii e e 70
5.1 INErOAUCTION. ...ttt e et sree e snre e enre e 70
5.2 EXPEITMENTAL....cueiiiieiiiiiiee e s 73



5.2.1 Enabling mode stability with microcavity effects............ccccccovvvennnnnn 73

5.2.2 Nanoporous GaN based Distributed Bragg Reflectors........................ 74
5.3 Results and diSCUSSION .........cocueiiiiieiie et s 79
5.3.1 Electrical and optical characteristiCs ...........cccoovvevieevieeiiic e, 79
5.4 CONCIUSION ...ttt be e re e re e 84
5.5 RETBIENCES.....cciiece et 85
Chapter 6: Towards micro-Vertical Surface Emitting Lasers (VCSELS) based
on I1-nitride selective OVErgrowth ... 87
O T A 1o (oo L8 o4 1 o] o USSR 87
6.2 EXPErIMENTAL.......coeeiiiiiie et 90
6.2.1 Dielectric DBR deposition and refractive index tunning.................... 90
6.2.2 Modelling of a hybrid dielectric-nanoporous based VCSEL .............. 94
6.2.3 Current voltage characteristics optimisation .............cccccevevvvevieeiiennenn 96
6.3 ReSUItS and dISCUSSION .......ccviiiieiieiiie et 104
6.3.1 Electrical and optical characteristiCs ..........ccccooveevieeiieeiiec e, 104
ORI @0 o Tod 113 L] o SRS 111
8.5 RETEIBNCES......ocieiee e st 112
Chapter 7: Enabling high confinement factor edge emitting lasers by using a
nanoporous GaN cladding 1aYer..........cccvvviiiiienie e 115
780 11 0o 11Tt 1 o] o PSSP 115
7.2 Simulation of confinement factor by MODE solutions..............cccccoe.ee... 116
7.3 Nanoporous Cladding layer formed by EC etching ..........cccccooeveinnnnn 119
7.4 ResUlts and diSCUSSION .......ccuvivieiiieiieeiiesie ettt ae e ae et e e 122
7.4.1 Electrical charaCteristiCS........coceviveiiieiiic e 122
7.5 CONCIUSION ...t 124
7.6 RETEIENCES ... ..ot anee s 125
Chapter 8: Conclusions and fUture WOork .........cccoceeeererieiineiesieeie e 127

8.1.1 Study of whispering gallery modes (WGMSs) in Il1I-nitrides by FDTD 127
8.1.2 Enabling emission stability to microLED arrays by using microcavity

BT TS i 127
8.1.3 Towards micro-Vertical Surface Emitting Lasers (VCSELS) based on
[11-nitride selective OVergrowth ... 127



8.1.4 Enabling high confinement factor edge emitting lasers by using a

nanoporous GaN cladding laYer ..........ccceveiieiiiniiesee e 128

8.2 FULUIE WOTK.....oceeii et e 128
8.2.1 RGB microemitters with stable emission ............ccccoevveveiiecirccieene, 128
8.2.2 micro-Vertical Surface Emitting Laser optimisation and porous
thermal ManagemMEeNT. ..........ooiie i 128
8.2.3 Developing nanoporous edge emitting 1asers. .........ccccceveveeiiieecnenne, 129

8.2 RETBIEINCES.....cciie ittt 129

VI



List of Figures

Figure 1. Bandgap energy versus lattice constant of Ill-nitride materials at RT.

(Reproduced with permission from E. F. Schubert [23]). ....ccccoovviiiiiiiiiiienienne, 3
Figure 2: a) Lattice matched epitaxy b) Lattice mismatched epitaxy leading to
COMPIESSIVE SIFAIN. .. eeiitieitie ettt st e s e nee et eenseesreesneeaneean 4
Figure 3: a) MQWs without any external electric field. b) MQWs band-bending
due to external electric field..........cooovieiiiii 5
Figure 4: External Quantum Efficency (EQE) of different comercial nitride and
PROSPNIAE LEDS [47]. ooeeeeiee et 6
Figure 5: Efficency droop of InGaN LED under high current density................. 7
Figure 6: Representation of the band structure of a) direct and b) Indirect bandgap
MALETTALL ..ottt nne e 13
Figure 7:Schematic representation of a GaN wurtzite unit cell.............c............ 15

Figure 8: Schematic of surface charges and direction of the electric field. a) The
spontaneous polarisation effect (e.g GaN on Sapphire). b) The piezoelectric
polarisation effect under compressive strain (INN on GaN). ¢) The piezoelectric
polarisation effect under tensile strain (e.g. AIN on GaN) [18]. ..........cccevenen. 16
Figure 9: Recombination mechanism in semiconductors: a) Spontaneous band-
edge recombination. b) Donor-acceptor recombination. ¢) Exciton pair
recombination.  d) Shockley-Reed-Hall recombination (SRH). e) Auger

FECOMDINALION. ... e e e e re e 18
Figure 10: Energy band diagram of an unbiased (a) and a forward biased (b) PN-
T4 T o USRS 20
Figure 11: a) PN homojunction under forward bias. b) PN heterojunction under
FOPWAIT DIAS. ...t nre s 21
Figure 12: Band diagram of a Quantum Well..........cccccoevieiie i, 21
Figure 13: Schematic of a standard GaN LED on Sapphire and its band diagram
ST TT 0 ) 2 PP RR PSPPI 22
Figure 14: Scheme of a) Absorption b) Spontaneous emission and c¢) Stimulated
411X ] PSSP UROTRPSR 22
Figure 15: Diagram of a FP type CaVIty.......ccociiiiiiiniiieneee e 23
Figure 16: Schematic of an EEL (a) and a VCSEL (b) showing the emission
direction and Profile. .........cooeiiei i 25

Figure 17: a) Schematic representation of anti-guiding effect due to dielectric
aperture. Green dashed lines illustrate the areas where the refractive index is
lower in the centre compared to the periphery. b) Calculated mode effective
indices of a 6um diameter VCSEL. Reproduced with permission from [46]. ...27
Figure 18: Schematic of the Fresnel reflection on a A/4 DBR..........cccceovrnnnne. 28

VIl



Figure 19: Simulated refractive index contrast Influence on reflectance of a DBR

designed at S20NM. .....coiiiiiie e 30
Figure 20: Simulated reflectance of a 40pairs AlGaN/GaN DBR and 11 pairs NP-
GaN/GaN design at 520nm, where n-NP=1.9, n-GaN=2.44. .........c...c..ccoveeurnu.. 31

Figure 21: Phase diagram for EC etching. Cross section SEM images under
different etching conditions. Reprinted with permision from American Chemical

Y0 T =] 3V 1) SO 32
Figure 22: Band diagram of GaN/etchant showing hole generation mechanism.
N T 151 SRS 33
Figure 23: Set-up for GaN electrochemical etching. ........ccccccevvviviiiiniinicin, 34
Figure 24: Schematic (a) and SEM image [68] (b) of a undercut GaN microdisk.
............................................................................................................................. 36
Figure 25: Aixtron 3x2" flip-top CCS reactor used through this thesis. ............ 42
Figure 26: Karl suss MJB mask-aligner. Inset shows the standard
PhOtOlithOgraphy PrOCESS. .....oivviieiici et 44
Figure 27: Plasmalab used during this project (a), schemattic representation of
TNE TCP (D). 1o s 45
Figure 28:Schematic of the 1-V characteristic of a Ohmic (red) and Schottky (blue)
(070] | = Tox FR TP P PO P PR UURPTOUPPRPPPRPIRN 46
Figure 29: Edwards E used for thermal evaporation. ...........cccoccvevvevveiiniinnnnnnnn 46
Figure 30: Jipelec JETFIRST annealing SYStem. ........cccccovvviieiieeiieveecec e 47
Figure 31: a) Image of Plasma-Therm 790 series PECVD system. b) Schemattic
diagram 0f @ PECVD. ....ccoiiieeeeece et 48
Figure 32: Schematic representation of our photoluminesence setup. ............... 49
Figure 33: Schematic of the confocal microscopy system. ........cccccvevvviveiiennnnnns 49
Figure 34:Schemattic diagram of the micro-PL system. ........cccccevcveviveiieniinnnnnn, 50
Figure 35: Schematic of the micro-EL setup used for spectrum characterisation.
............................................................................................................................. 51
Figure 36: Schematic of an SEM. ........ccccco i 52
Figure 37: Diagram of an ellipSOmeter. ..........cccooveeiieiiciic e 52

Figure 38: a) Pedestal free microdisk laser on Si. Reprinted with permision from
American Chemical Society [9]. b) Mushroom approach showing lasing under
optical pumping. Adapted with permission from Optics Express [8]. ............... 55
Figure 39: Representation of a Yee Cell. After [10]. ..cocovvvvvevviiieniiieieeieie, 57
Figure 40: a) Refractive index map of 4um diameter disk. b) Simulated spectral
mode distribution. c) Electric field represnetation normal to Z, where red and blue
represent the highest and lowest field intensity. d) Electric field represnetation
normal to Y, where the pink line represents the active region. ..........ccccceeeeenee. 58


file://///stfdata07/home/EL/Els19gm/ManW10/Desktop/thesis-Guillem_V3%20after%20viva.docx%23_Toc129918452

Figure 41:a) Refractive index map of the simulated thick pedestal cavity. b)
Spectral mode distribution c) Electric field distribution Z-normal (top) and Y-

normal, where the MQW has been outlined with a pink line. ..............cccccoee. 59
Figure 42: Simulated Q-factor of thin and thick pedestal cavities. The main
WGMs in the thick pedestal has been rounded with a circle.............c.ccoeeeeee. 60

Figure 43: a) Refractive index map the simulated structure. b) Simulated WGMs
with porous cladding layer. c) Simulated Q-factor of the three different kinds of

CAVITIES MENTIONEM. .......ei it e e saee e anee e 61
Figure 44: Cross section SEM image of a 5um diameter Rod with nanoporous
(o To [0 [ TaTo T -\ V=T RS R 62
Figure 45: Micro-PL power dependent spectrum of 5 um diameter a)
Conventional Rod b) Nanoporous ROG.........c.cccvevvevieiiiiieceesee e 63
Figure 46: a) Emission image of a 40um rod. b) Current VVoltage characteristics
of a 40um rod. c) Cross section SEM image from a 40 pmrod............ccccceeeee. 64
Figure 47:EL spectra of a non-porous (a) and porous (b) with 40 um diameter rod.
FWHM and emission Peak wavelength (C). ........ccccoveiieiiiiii i 64

Figure 48: a) Schematic of the simulated LED structure. b) Band diagram
simulated at 4.5V. c¢) Electron and hole distribution in a 7MQW device at 4.5V.
d) Electron and hole distribution in a SMQW device at 4.5V. .......c.cccceeevvennenee. 66
Figure 49: a) Simulated PL emission b) Simulated EL emission....................... 67
Figure 50: Blue shifting on InGaN microLED under increasing current,
demonstrating a clear colour change. Reproduced with permission from ACS

Photonics 2022, 9, 6, 2073—2078.........ccceceieereeierie e se e, 72
Figure 51:Calculated mode wavelength shifting due to free carrier density.
Calculation based on Eqg.32, assuming L=850nm, no=2.44 and m=8. .............. 74
Figure 52:Peak reflectance and number of pairs (a), effect of the porous refractive
index onthe DBR FWHM. ... 75
Figure 53: Samples etched in 0.3M HNOg3 electrolyte during 30 minutes under
ITTEIENT DIAS. ..eveeieece e 76
Figure 54: Cross section image of a porous DBR etched with 6V bias during one
hour. Inset shows the thickness of the NP-GaN/u-GaN layers..........c...cccccueneen. 76

Figure 55: Measured and simulated (FDTD) reflectance of a porous DBR....... 77
Figure 56:a) Representation of the overgrowth emitters. b) Photoluminescence of
the grown micro-emitters. ¢) Cross section SEM image of the uLED with porous
DBR, inset shows the top view of the array. Reprinted with permission from ACS
Photonics 2022, 9, 6, 2073-2078. Copyright 2022 American Chemical Society.

Figure 57: Emission spectra of the device with porous DBR (a) and without DBR
(b). Reprinted with permission from ACS Photonics 2022, 9, 6, 2073-2078.
Copyright 2022 American Chemical SOCIELY. .........cccevveviiiiiierie e 80

X



Figure 58: Emission wavelength shifhting due to QCSE in standard (blue) and
microcavity based device (red). Inset illustres the FWHM reduction................. 81
Figure 59: Emission image of the device with (top) and without DBR (bottom).
Reprinted with permission from ACS Photonics 2022, 9, 6, 2073-2078.
Copyright 2022 American Chemical SOCIEtY. .......cccccvvveviiiiiieiieree e 82
Figure 60: a) Simulated Cavity modes. b) Simulated mode wavelength for
different cavity refractive indices. ¢) Simulated Electric field (E,) in the cavity at
the mode wavelength (red) and out of resonance (green)........cccoccvveeeieenieeneenne. 83
Figure 61: a) I-V characteristic of a 150x150um device with (red) and without
DBR (green) using ITO as a P-contact. b) Cross section SEM image showing the
parasitic etching on the microemitter (green) and n-GaN (yellow)................... 84
Figure 62: Concept of micro emitter growth on a micropatterned structure. .....90
Figure 63: a) Ellipsometer modelling and measured data of SiO2 on sapphire and

SiN on Si. b) Obtained refractive INdeX..........ccccevveeiieiie i 91
Figure 64:Peak reflectivity of a 520nm DBR as a function of the number of pairs.
............................................................................................................................. 92

Figure 65: a) Deposition and formation of microholes through PECVD and ICP
etching. b) Overgrowth of microemitters into the prepatterned phole. ¢) Standard
device with pLED and DBR. d) Dielectric DBR deposition. €) Opening of

windows through the DBR to reach the bondpads. .........ccccoovviiiiiiiicicnciieen, 93
Figure 66: SEM image processing to estimate the refractive index on porous GaN.
............................................................................................................................. 94
Figure 67: a) Simulated reflectance of the microcavity. b)Electric Field (Ez) at
the mode wavelength (540NM)........cooiiii i 95
Figure 68: SEM image of a microemitter with ununiform porous DBR............ 96
Figure 69: a) Microscope view of a sample etched during 1h (left) and 2h (right)
at 4V. b) Microscope view of a sample etched with a lateral approach. ............ 97
Figure 70: Cross section SEM image of a vertical (a) and lateral (b) etching with
300NM N-GAN ON TOP...eiiiiiiiie i e srre e sanee e 98

Figure 71: a) Image of Sample A (Lateral etching) and sample B (defect-etching),
where the number indicates the position where the reflectivity was measured. b)
Measured reflectivity in Sample A and sample B ..., 99
Figure 72: a) Reflectance of DBR under different acid concetration, dielectric
DBR added as a reference. b) Microscope image of the same sample etched under
different electrolyte CONAItIONS. ........cccveiiiieiiiice e 100
Figure 73: a) Measured reflectance taken at three different points. b) Optical
image of a sample etched IMM. ... 101
Figure 74: Picture of the etched half 2" wafer (left) and its optical image (right).



Figure 75:a) Cross section view of a sample vertically etched at 6V - 0.3M for 1h,
where 5 pairs of n-GaN still unetched. b) Lateral etched sample at 4V-1M for 12h.

........................................................................................................................... 103
Figure 76: 1-V characteristics of devices with old etching conditions and the
optimised etching CONAITIONS. .........cccviiieiie e 103
Figure 77: Normalised confocal PL of the sample without DBR (green), with
porous DBR (red) and with porous-dielectric DBR. ........ccccccoeevieviicieecn, 104
Figure 78: Power dependant PL of a microemitter with porous and dielectric DBR.
........................................................................................................................... 105
Figure 79: Normalised confocal PL. Simulated WGM (red) and FP (bottom)
00 LTSRS 106

Figure 80: a) Emission image of a sample with top-bottom DBR under 20mA. b)
Emission spectra of the sample without DBR. ¢) Emission spectra of the sample
with top-bottom DBR. d) Peak emission and FWHM (inset) as a function of
INJECLEA CUITENL. ...ttt ns 107
Figure 81: a) EL spectra of a top-bottom DBR device. Inset shows the FWHM of
the 530nm peak. b) Normalised reflectance and emitted spectra at 25mA.. .....108
Figure 82: Simulated reflectance of the microcavity changing the top DBR centre
WAVEIENGLN. ..o s 109
Figure 83: Cross section SEM image of the microemitter with top and bottom
DBR. b) Effect of the surface on the DBR reflectance.............cccccceevveririnnnee. 110
Figure 84: a) Emission image of an 80x80 um microemitter at 20mA. b) I-V
characteristics. ¢) EL spectra under different current injection. ....................... 111
Figure 85: Spectroscopic scan GaN (top) and ITO (bottom) on sapphire........ 117
Figure 86: Schematic diagram of the conventional ridge laser (LHS) and
NAaNOPOIoUS 1aSer (RHS). ...ccuviieie e e 118
Figure 87:a) 2D Modal field distribution XZ plane using porous (left) and AIGaN
(right) cladding layers. b) 1-D distribution of field and refractive index......... 119
Figure 88: Photoluminesce of the 2QW LD wafer. ..........ccccooevieiieiiecvieeinen, 120
Figure 89: a) Cross section SEM image of a sample etched under 6V (left) and
8V (right). Insets show the binary image used for porosity calculation. b)
Spectroscopic scan of the 8V sample. ¢) Refractive index based on VAT and the
binary image obtained from SEM.........cccoiiiiiiiiii e 121
Figure 90: Cross section view SEM of the porous ridge with not optimised (top)
and optimised (bottom) conditions. Yellow dashed line illustrates parasitic
etching Of the N-GaN [aYer.........cccooiiiii e 122
Figure 91: SEM image at 30° angle (top) and cross section view (bottom).....123
Figure 92: a) Emission image of the ridge sample at 20mA. B) EL spectra under
CW injection current. Inset illustrates the 1-V characteristics................coc....... 124

Xl



X1



List of Tables

Table 1 : Lattice Constant of GaN, AIN and INN [5].......ccccccoeviviiiiiiciinene, 15
Table 2: Electrical and thermal properties of GaN and other semiconductors
s LR 010 S [ ) RSOOSR 16
Table 3 : Etching recipe for GaN based materials..........c...ccccooeeiiieiiiecnnn, 45
Table 4: Comparison between microLED, OLED and LCD technology.
Adapted from [9] ... 71

Table 5 : ITO annealing conditions and 4-point probe measurements....... 79
Table 6: Optical parameters used in FDE simulations (530nm) [21]. ....... 118

XV



Chapter 1: Introduction

In this chapter the background of my PhD project via the thesis and the motivation
and potential applications for IlI-nitride based optoelectronics devices are
introduced. This thesis focuses on the design, fabrication and characterisation of
microcavity based devices, aiming to obtain a new kind of optoelectronics on a
microscale.

1.1 Motivation

Light emitting diodes (LEDs) cover a wide range of applications, from the visible
range to infrared for telecommunications. A laser diode (LD) performs better than
a LED in terms of beam directionality, modulation speed, and output power
density. However, the structure and the fabrication of a laser diode is more
complex than those of a LED, as an optical cavity for achieving photon feedback
Is necessary for a LD.

LEDs have a long lifetime (~100000 hours) and a low electrical consumption,
which is about 30 times less than incandescent bulbs. It was therefore expected
that LEDs could potentially help to reduce the global energy consumption, where
lighting accounts for 20% of overall electricity [1]. In fact, recent studies show
that LED bulb market is expected to reach a value of 14.8 billion USD by 2027
[2]. Moreover, LEDs can be used not only for solid state lighting but also LED
TV, backlighting, traffic lighting and automotive applications [3,4].

[11-nitrides LEDs are risen as the ideal candidate to replace conventional lighting
sources due to the direct bandgap material of GaN. However, the performance of
[11-nitride LEDs is still required to be further improved by developing new
approaches to further increase their efficiency. Internal quantum efficiency (IQE)
and extraction efficiency are two major parameters in determining device
performance. IQE relies on the quality of the active region (where photons are
produced) grown by Metal Organic Chemical Vapour Deposition (MOCVD).
External quantum efficiency (EQE) is limited due to the high index contrast
between GaN and air which generates a small solid angle (24°) [5-8]. In this case,
most of the generated light is reflected into the device unless extra processes are
utilised.

The placement of a quantum well (QW) into a microcavity can enhance its optical
extraction [9-15]. Furthermore, other benefits such as narrowing in emission
wavelength and reduction in emission divergence can be achieved. These are
particularly attractive for AR/VR applications, where emitters on a microscale
are the key elements for manufacturing microdisplays [16,17].



1.2 History of the development of I11-nitride light emitting diodes

In 1907 the first electroluminescent device was discovered by H.J. Round, who
found it while testing a SiC layer with a metal electrode [18]. The luminescence
phenomenon was reported in 1928, where O.V. Lossev proved the generation of
light due to an electric current or electric field, instead of the black-body light
emissions from conventional incandescence [19]. Holonyak and Bevacqua
reported the first commercial red LED based on GaAsP in 1962[20]. Furthermore,
by tuning the composition of a GaAsP alloy, the emission wavelength can shift
from red to green [21]. Afterwards, BELL Labs introduced green LEDs by using
N-doped GaP [22].

At that moment, the emission wavelength could only be achieved between the red
and green spectral range. In 1960s the research community focused their effort
aiming to extend the wavelength to blue and UV by using wideband gap SiC and
[11-nitride materials. SiC based blue LEDs were available in 1990 with an
emission wavelength at 470 nm but a low optical efficiency of 0.03% [23].
Therefore, SiC could not be attractive for many applications mainly due to the
low efficiency as a result of its indirect-bandgap structure.

Crystalline GaN films grown on sapphire by using Hybrid VVapour Phase Epitaxy
(HVPE) were reported by Maruska et al in 1969 [24].

In 1972, Pankove et al. reported the first blue GaN diode based in a metal-
insulator-semiconductor (MIS) [25]. However, low crystal quality and a great
challenge in achieving p-dope GaN made the material unattractive to researchers
[26]. In 1986, Amano and Akasaki invented a novel growth approach, leading to
a major improvement in the crystal quality. Their approach was to initially
introduce a thin AIN buffer layer at a low temperature, typically 450°C, before
the deposition of a thick GaN at a high temperature of above 1000°C [27]. The
so-called two step approach has become a standard method to grow GaN on
sapphire substrates using Metal Organic Chemical Vapour Deposition (MOCVD).
In 1989, Amano and Akasaki reported a solution to obtain p-type GaN which is
based on the activation of Mg-dopant through low-energy electron beam
irradiation (LEEBI) [28]. The first p-n GaN based junction was reported in 1992
[22]. Finally, in 1993 Nakamura who was then a Nichia employee demonstrated
the activation of Mg dopants simply by a thermal annealing method, in a nitrogen
ambient [29]. One year later, Nakamura presented the first blue, green and yellow
LED based on InGaN/AlGaN quantum wells [30]. Major achievements in Il1-
nitride semiconductors have been made during the last two decades. In 2014
Professors Isamu Akasaki, Hiroshi Amano and Shuji Nakamura received the
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Nobel Prize for their contribution to Ill-nitride epitaxial growth. Figure 1
illustrates the bandgaps of Ill-nitrides across the whole compositional range
covering the whole visible spectrum, part of the ultraviolet and part of infrared,
offering major advantages for a wide range of applications, such as solid-state
lighting, high resolution displays, visible light communication (VLC), solar
energy etc [31-35].
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Figure 1: Bandgap energy versus lattice constant of I11-nitride materials at RT. (Reproduced with
permission from E. F. Schubert [23]).

1.3 Challenges

The last two decades have seen major advancements in developing IlI-nitride
semiconductor devices. However, so far, the major success has been achieved in
GaN grown on c-plane (001) substrates. This polar orientation possesses several
challenges that limit the performance of Il1-nitride optoelectronic devices.

1.3.1 Issues with substrates

Free-standing GaN can be typically obtained by Hybrid Vapour Phase Epitaxy
(HVPE) followed by a lift-off process. The typical procedure involves an initial
growth of up to 300 um GaN on sapphire and then a substrate-removal process
typically by using a laser lift off (LLO) technique [36-39]. It has been observed
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that LLO often produce bowing effects, leading to cracking and even the damage
of the active emitting area of an LED wafer [40]. The lack of affordable GaN
substrates also restricts the material growth to lattice mismatched heteroepitaxy,
where sapphire (Al203), silicon carbide (6H-SiC) and silicon (Si,111) can be
used as substrates. However, a huge lattice-mismatch is typically generated when
GaN is grown on their top. Furthermore, there also exists a large difference of
thermal expansion coefficient.

This huge difference often leads to strain induced defects, while these defects act
as non-radiative recombination centres which reduce the quantum efficiency of
I11-nitride optoelectronics. Sapphire offers a lattice mismatch of 16%, while the
lattice-mismatch between SiC and GaN is just 3% [41]. It is worth noting that
SiC substrates are highly expensive. Si substrates are the cheapest among the
three major substrates, but the lattice mismatch between Si and GaN is 17%,
which leads to severe cracking issues [42].

All the samples used in this thesis have been grown on Sapphire substrates.

1.3.2 Quantum confined Stark effect (QCSE)

GaN exhibits a hexagonal wurtzite crystal structure. The c-axis suffers a strong
polarisation due to the non-centrosymmetric nature of the wurtzite structure [43].
An internal electric field is generated at interface surfaces due to polarisation
charges. The optical and the electrical properties of c-plane GaN are significantly
influenced by this internal field [23]. There exist two different types of
polarisations in I11-nitrides and their heterostructures: spontaneous polarisation
and piezoelectric polarisation: spontaneous polarisation due to the asymmetry of
the atomic bonding of the wurtzite structure, and piezoelectric polarisation which
Is caused by tensile or compressive stress applied to the material. Tensile strain
Is produced when a material with smaller lattice constant is grown above of a
substrate with a larger lattice constant. Figure 2 illustrates the pseudomorphic
compressive strain produced due to the growth of lattice mismatched epitaxial
layer with a thickness below the critical thickness.

a) b)
Figure 2: a) Lattice matched epitaxy b) Lattice mismatched epitaxy leading to compressive strain.
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The active region of Ill-nitride emitter in the visible spectral region is normally
based on InGaN MQWs, where the emission wavelength can cover the whole
visible spectrum (390nm-720nm) by tuning its indium composition across [44].
The lattice mismatch between InGaN and GaN lead to a strong polarisation effect
which bends the energy bands. Furthermore, the generated electric field pulls
apart the electron and hole wavefunction, as electrons are attracted to the anode
and holes to the cathode, as shown in Figure 3. Consequently, the efficiency of
radiative recombination is reduced and a red-shift of the emission wavelength is
produced [45]. This phenomenon is known as Quantum Confined Stark Effect
(QCSE). The QCSE becomes increasingly strong with increasing the emission
wavelength of an emitter, which requires higher indium content [46]. This
generates stronger piezoelectric fields, thus enhancing the QCSE and then
reducing the efficiency. The band structure can be flattened by increasing the
carrier density in the active region due to screening effects resulting in a blue shift
in emission wavelength.

- GaN InGaN GaN E._ GaN

Ev ———
Electrical field =0 Electrical field > 0

a) b)

Figure 3: a) MQWs without any external electric field. b) MQWSs band-bending due to external
electric field.

1.3.3 Issue on green gap

One of the great challenges of Ill-nitride optoelectronics is to obtain long
wavelength efficient emitters, specifically in the green-yellow region, where the
required indium content in InGaN MQWs for emitting longer wavelengths leads
to a reduction in overall efficiency, as a result of enhanced QCSE. Conventionally,
nitrogen was added to GaP to achieve yellow emission [47]. However, GaP band
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structure is indirect, which causes low-efficiency. Figure 4 illustrates the external
quantum efficiency as a function of wavelength in the whole visible spectral
region demonstrating the so called green-gap.
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Figure 4: External Quantum Efficency (EQE) of different comercial nitride and phosphide LEDs

[47].

1.3.4 Efficiency droop

External Quantum Efficiency (EQE) describes the ratio of the number of emitted
photons to the number of injected electrons. Ideally, LEDs emitted power is
directly determined by injected current. However, in a real scenario, the
efficiency decreases gradually with increasing injection current. This
phenomenon is known as ‘efficiency droop’[49-51]. The droop phenomenon is
currently the subject of research worldwide, its origin still unclear, although
several models have been proposed, such as non-radiative recombination
processes due to Auger recombination, defects, leakage current or Shockley-
Read-Hall recombination (SRH) [49]. Figure 5 illustrates the EQE droop for
InGaN based LEDs, showing an initial increase of EQE at low current and then a
decrease of EQE with further injection current.



Ideal LED

External Quantum Efficiency

Current Density (A/cm?)

Figure 5: Efficency droop of InGaN LED under high current density.

Auger recombination is a non-radiative process that involves three carriers. It
takes place after electron-hole recombination. Instead of producing a photon, the
electron or the hole are further excited to a higher energy state. The excited carrier
losses its energy by emitting phonons (lattice vibrations) which eventually
converts into thermal energy [51]. Another non-radiative effect is due to SRH,
where unwanted impurities or defects can act as trap energy levels. Current
leakage is a carrier transport process where carriers escape from the active region
without forming a photon.

1.5 Thesis Outline

This thesis aims to design a monolithically integrated structure which combines
amicrocavity and an LED or a laser on a micrometre scale, aiming to demonstrate
superior device performance which does not exist. Such a novel device can lead
to partially mitigating QCSE and a reduction in naturally broadened emission
linewidth. The thesis is split into seven chapters:

Chapter 1 presents the motivation of the thesis. Furthermore, the current
challenges related to I11-nitride based devices are described.

Chapter 2 describes the fundamental physics of semiconductors for LEDs and
Lasers. A VCSEL architecture is presented, where the potential of nanoporous
GaN to replace conventional DBRs is demonstrated.

Chapter 3 introduces the experimental methods used in this thesis. A detailed
description of the fabrication and characterisation techniques is given.

Chapter 4 demonstrates the existence of whispering gallery modes in a microdisk
structure by FDTD simulations. The limitations of current pedestal-based devices
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are discussed. Finally, an alternative electrically injected approach based on
porous cladding layers is presented.

Chapter 5 presents a novel approach to mitigating the QCSE by demonstrating a
high density of green microemitter arrays. The peak emission shifting is reduced
from 50nm to 3nm when compared to a standard device.

Chapter 6 opens the path to the first generation of micro-lasers based on our
selective overgrowth microemitters. Although, lasing has not been achieved,
interesting microcavity effects have been observed under optical and electrical

pumping.

Chapter 7 highlights the benefits of utilising nanoporous GaN which can
significantly enhance the confinement factor of I11-nitride edge emitting lasers.

Chapter 8 presents a summary, conclusion and future work for microcavity
micro-scale based devices.

The framework of this thesis combines device simulation, fabrication and
characterisation. Block diagram 1 represents the standard logical procedure
carried out through each chapter.

— OUTPUTS

-Number of QWs.

-Spectral mode distribution.
-Electric field profiles.
-Confinement Factor.

=¢~

SiLENSE Active -Reflectance of DBRs.
Region simulations i
Device
Optimisation 1 No
No FDTD/FDE Expected

Simulations results?

Device
Characterisation

Device Fabrication

OUTPUTS

-I-V characteristics.

-Reflectance and porosity.
-Emission spectra profile (PL-EL).
-SEM cross-section images

Block diagram 1: Logical cycle undertaken during this thesis.
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Chapter 2: Background

2.1 Semiconductor device fundamentals

Solid materials can be classified according to their electrical properties which are
determined by the bandgap energy (Eg), also named ‘forbidden region’ that is
between the valance band (Ec) and conduction band (Ev). Solid state materials
are categorised in three groups: insulators, conductors and semiconductors.

Conductive materials have a complete overlap between the conduction band and
the valence band, so carriers (electrons-holes) are free to move without needing
extra excitation energy even at room temperature. In semiconductors electrons
can be excited from the conduction band to the valence band under a condition
where the applied energy is equal or higher than the bandgap [1].

Based on the bandgap, a semiconductor can be divided into two different
structures types with a direct or an indirect band structure. Figure 6 schematically
illustrates the band structures of a direct band gap semiconductor and an indirect
bandgap semiconductor.
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Figure 6: Representation of the band structure of a) direct and b) Indirect bandgap material

The recombination from an electron in the conduction band and a hole in the
valence band leads to the emission of a photon. For a direct band-gap
semiconductor, the valance band maximum and the conduction band minimum
exhibit the same crystal momentum. However, for an indirect-bandgap
semiconductors the valance band maximum and the conduction band minimum
are located at different values of crystal momentum, thus requiring an extra
particle to compensate the momentum difference to meet the momentum
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conservation, typically via phonons (i.e. lattice vibration). This gives a much
lower probability of electron-hole recombination than that for a direct-bandgap
semiconductor. Therefore, a direct bandgap semiconductor is normally used for
fabricating high-efficiency optoelectronic devices [2]. The relationship between
bandgap and the emission wavelength of photons is expressed as:

hc
Eg=Ec—Evz7 (1)

Where Eg is the bandgap, Ec is the energy of the minimum energy level of the
conduction band, Ev is the maximum energy level of the valence band, A is the
emitted wavelength from the semiconductor, h is the Planck constant and c is the
speed of light in a vacuum [3].

2.1.1Crystal structure of Il1-nitrides

[11-nitride semiconductors have three basic binary alloys, which are AIN, GaN
and InN, respectively. Ill-nitride semiconductors exhibit three possible kinds of
crystal structures depending on their atomic configuration: rock-salt, zinc-blende
and wurtzite [4]. Rock-salt can only be formed under high pressure (52.2GPa for
GaN). Under normal ambient conditions, hexagonal wurtzite is the most
thermodynamically stable between all of them, and thus GaN wurtzite is widely
used. Waurtzite structure has hexagonal symmetry formed by ABABAB HCP
lattices along (0001) direction. Two parameters are commonly used to describe a
wurtzite hexagonal structure: the in-plane lattice constant (a) and the out-plane
lattice constant (b), where the former represents the spacing between adjacent
atoms within the same basal plane and the latter one represents the distance
between two adjacent basal planes. Figure 7, schematically illustrates a GaN
wurtzite structure, where the each N, atom is naturally bonded to four Ga atoms
(dashed lines). The two HCP sublattices of Ga and N have an offset that is equal
to 5/8 of the height of the cell.
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Figure 7:Schematic representation of a GaN wurtzite unit cell.

Table 1 shows the lattice constants of Ill-nitrides with a wurtzite structure
including their in-plane and out-plane lattice constants.

Table 1 : Lattice Constant of GaN, AIN and InN [5].

Material Lattice Constanta  Lattice Constant ¢
(A) (A
GaN 3.189 5.185
AIN 3.112 4,982
INN 3.533 5.693

Ternary alloys such as InyGax.;N maintain the wurtzite structure due to the
isomorphous nature of Ill-nitride. The composition content of individual
materials can tune the bandgap of the alloys.

The work done in this thesis is based on devices in a wurtzite structure.
Electrical Properties

The wide bandgap materials (WBG) offer high breakdown voltages and
intrinsically high thermal conductivity which make them the ideal candidates for
high frequency and high temperature applications, where heat dissipation is
critical [6]. Table 2 shows the electrical and thermal properties of WBG at room
temperature. The main drawback of GaN compared to other mature
semiconductors is its low electron mobility, which is also affected by impurities
and crystal defects. Therefore, it is crucial to optimise the growth conditions to
achieve high crystal quality.
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Table 2: Electrical and thermal properties of GaN and other
semiconductors at 300K [7-16].

Material Bandgap Electron  Breakdown Thermal
(eV) mobility Field Conductivity
(cm?/Vs)  (MV/cm) (WemK1)

GaN 3.4 1245 3.3 2.3
Si 1.12 1400 0.3 0.55
SiC (4H- 3.26 380 3 3.6
SiC)
GaAs 1.4 9400 0.4 0.55
InP 1.34 5400 0.5 0.68
Polarisation

As mentioned above, this thesis is based on wafers grown on c-plane sapphire
substrates. Due to the non-centrosymmetric nature of a wurtzite structure, there
Is a strong polarisation along the c-axis [17]. The active region formed by
InGaN/GaN MQWs suffers from lattice-mismatch induced strain, resulting in a
piezoelectric polarisation. The strain can be either compressive or tensile.
Depending on the strain type, piezoelectric polarisation can be opposed or
contribute to the spontaneous polarisation. Compressive strain, such as
InGaN/Gan heterostructure has Py, in the opposite direction to Psp, as InGaN
suffers compressive strain on a GaN surface, while AlGaN grown on GaN suffers
tensile strain, leading Py, and P, to be aligned in the same direction. Figure 8,
schematically illustrates the resultant piezoelectric polarisation effect.

Spontaneous Polarisation ~ Piezoelectric Polarisation Piezoelectric Polarisation
(compressive strain) (tensile strain)

Positive

polarisation

charge

Negative

[ =] polarisation

charge

a) b) ©)

Figure 8: Schematic of surface charges and direction of the electric field. a) The spontaneous
polarisation effect (e.g GaN on Sapphire). b) The piezoelectric polarisation effect under compressive
strain (INN on GaN). ¢) The piezoelectric polarisation effect under tensile strain (e.g. AIN on GaN).
Adapted with permission from [18].
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The intrinsic electric field generated by the polarisation will detrimentally affect
the optical performance of a quantum well structures grown on c-plane substrates,
leading to an increase in radiative recombination lifetime and thus a reduction in
quantum efficiency.

Generally speaking, a reduction in the thickness of InGaN MQW facilitates to
minimise polarisation effects, leading to a decrease in the separation of electron
and hole wavefunctions[19]. Polarisation effect can also be minimised or
removed by growing a I11-nitride LED structure on non-polar or semipolar planes
[20-22]. Furthermore, piezoelectric polarisation can be reduced by introducing
strain relaxation layers underneath of the InGaN active region [23].

2.1.2 Carrier concentration, doping and recombination
The conductivity of a semiconductor is determined by the density of free carriers
(electrons and holes) and their mobilities, which can be described by:

o = neun + neup (2)

Where n is the charge density, e is the elemental charge of an electron and
un and up are the mobility of the electron and hole respectively [24]. The
mobility is a material dependant parameter which describes how electrons and
holes can move through a semiconductor under an electric field.

For an intrinsic semiconductor, the carrier density is described by:

E
ni = VNEcNEv e(_ZKgT) (3)

Where NEc and NEv are the density of states in the conduction and valance band
respectively [24]. The conductivity of a material could be increased if impurities
are added, generating an excess of free carriers. This technique is known as
doping. Two types of dopants can be added: p-type (acceptor-holes) or n-type
(donors-electrons). As an example, for an I11-nitride semiconductor, Magnesium
(Mg) is typically used for p-type doping, as Mg atoms replace Ga atoms
generating additional vacancies, while Si atoms can replace Ga atoms generating
free electrons and thus leading to n-type GaN. The impurities form an extra
energy level in the bandgap forming shallow level states, which can be close to
either the conduction band or the valence band. For n-type doping, the formed
energy level lies close the conduction band, while p-type impurities form shallow
level states that are close to the valance band.

Under equilibrium conditions at a given temperature (no external excitation), the
product of electron and hole carrier concentrations is a constant value. Equation
4 describes the law of mass action:
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nopo = ni? (4)

There exist five major mechanisms which are responsible for electron-hole
recombination in I11-nitrides, shown in Figure 9. The recombination process that
generates photons is known as radiative recombination, while the recombination
process which leads to energy released in a form of thermal energy is called non-
radiative recombination.

Ee =4 . o e
a) b) ) d) °)

Figure 9: Recombination mechanism in semiconductors: a) Spontaneous band-edge recombination. b)
Donor-acceptor recombination. c) Exciton pair recombination. d) Shockley-Reed-Hall recombination
(SRH). e) Auger recombination.

Radiative Recombination

Band edge emission

Described as the radiative recombination process where an electron in the
conduction band losses its energy and recombines with a hole in the valence band.
The energy loss results in an emitted photon with the energy of the bandgap.

Donor-acceptor recombination

Doped semiconductor exhibits shallow states near the conduction or the valance
band, depending on the kind of impurities that have been added. The
recombination phenomenon will produce a photon with less energy than the band-

gap energy.
Excitonic Recombination

Excitonic recombination is the processes that forms excitons, created by a
coulombic attraction of carriers with opposite charge (electrons and holes).
Excitons are characterised as neutrally charged quasiparticles, which can be
divided into two categories. Wannier-Mott excitons weakly bonded in the crystal
due to its large radius. Frenkel excitons commonly present in insulators tightly
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bounded to the atoms due to a smaller radius, making them difficulty in
movement within the crystal [25].

Bohr model can be used to calculate the exciton binding energy:
u 1 RH (5)

Where RH is the Rydberg constant for a hydrogen atom (13.61eV). For GaN the
excitonic energy is 25meV, which is similar to the thermal energy at room
temperature, therefore excitons can be formed at room temperture [26]. Excitonic
recombination produces a photon with slightly smaller energy than the bandgap
of the material (Eg - En).

Non-radiative recombination
Shockley-Read-Hall (SRH)

Electron-hole recombination produced in trap levels created by a dopant or a
defect, which leads to an exchanging of energy in the form of lattice vibration
(phonon). SRH is predominantly a single-particle process, therefore is
dominating under low excitation.

Auger recombination

Auger recombination involves three carriers, takes place under a high electrical
or optical excitation density. The released energy produced by the electron-hole
recombination will excite another atom into a higher energy state, instead of
releasing a photon. The ‘hot’ carrier will then relax down to the band edge by
releasing multiple phonon emission. Normally, Auger recombination takes place
as the carrier density is increased, therefore is one of the causes of the efficiency
droop [27].

The total recombination rate needs to consider both radiative and non-radiative
process, given by;

Rtotal = Rrad + RSHR + RAuger (6)

2.1.3 P-n junctions, heterojunctions and light emitting diodes

Epitaxial growth technology is used for combining p-type and n-type materials,
giving the name of PN-junction. There are two types of PN-junctions, which are
homojunctions and heterojunctions. The homojunction consist of a single
crystalline material structure, which has the same bandgap across the whole
junction. Heterojunctions consists of two kinds of semiconductors with different
bandgaps. Figure 10a) schematically illustrates the geometry of a PN-junction
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under unbiased applied bias. Electrons in the n-type and holes in the p-type
diffuse towards the opposite direction due to the carrier density gradient. After
that, positive and negative charges are left in the n-type and p-type regions,
respectively, forming an electrostatic potential (eVg) to stop carriers further
diffusing. This region between the n-type and p-type layers exhibits a very low
density of free carriers, termed as depletion region (Wp). The forward biasing
conditions leads to a reduction in potential barrier height and then allow carriers
to diffuse through the material, the depletion width is reduced. Figure 10b) shows
the state of a forwards biased PN-junction, indicating that an external potential
reduces the potential barrier across the depletion region to allow carriers to be
injected to the depletion region, producing a current flow. The external voltage
applied leads to a higher concentration of carriers than in the thermal equilibrium
situation. In that case, quasi-fermi levels (EF,-EF) are used to describe the
electron and hole populations under non-equilibrium [28].
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Figure 10: Energy band diagram of an unbiased (a) and a forward biased (b) PN-junction.

A heterojunction consists of two different semiconductors, one with a small
bandgap and the other with a larger bandgap. The structure that forms two
heterojunctions is so called ‘double heterostructure’, namely, a layer with a small
bandgap sandwiched by two large bandgap layers [24]. Figure 11 schematically
displays the difference in band diagram between a homojunction and a
heterojunction in terms of carrier distribution. A heterostructure gives an
enhanced confinement in carriers, leading to an increase in radiative
recombination rate and thus an improvement in LED efficiency. Typically, high-
performance LEDs active region relies on PN heterojunctions to enhance the
radiative recombination rate.
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Figure 11: a) PN homojunction under forward bias. b) PN heterojunction under forward bias.

The heterostructure can spatially confine carriers in the active region of a LED,
but some carriers may escape due to different reasons, such as different doping
levels or different carrier mobilities between the n-type and p-type layers, low
barrier height or high thermal energy. Therefore, an extra potential barrier is often
necessary. An electron blocking layer (EBL) is often used for IlI-nitride emitters.
In detail, an AlGaN electron blocking layer is used to create an extra barrier in
both conduction and balance band, preventing electron leakage from the active
region.

Active regions are commonly based on Multi Quantum Wells (MQWSs) which
generate carrier confinement in one direction, where the dimension of a quantum
well is typically in the order of the Broglie wavelength (a few nm) to produce
guantum effects (simply speaking, a number of extra, discrete energy levels in
both the conduction band and the valence band which are so-called quantisation
energy are generated, depending on the dimension of the quantum well) as shown
in Figure 12. Therefore, when an electron and a hole recombine in a quantum
well, the released energy includes the extra quantization energy in both the
conduction band and the valence band. Figure 13 illustrates the typical GaN based
LED and its band structure.
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Figure 12: Band diagram of a Quantum Well.
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Figure 13: Schematic of a standard GaN LED on Sapphire and its band diagram energy.

2.1.4 Principles of laser diodes

The interaction of a semiconductor and photons can be quantitively described by
using probability coefficients for absorption, spontaneous emission and
stimulated emission rates, respectively [30]. A laser diode emits light via a
stimulated emission process, under where one photon stimulates another photon
such that all the photons generated exhibit the same wavelength, polarisation and
direction. Figure 14 illustrates the three mechanics of stimulated emission.

Absorption Spontaneous emission Stimulated emission
E> E> E2
hv hv hv hv
N, AE N, N AU
/Vl\/\_.
ny
E1 E1 E1
AE=FE2-Ei=hv
a) b) c)

Figure 14: Scheme of a) Absorption b) Spontaneous emission and c) Stimulated emission.

Lasing can take place under a certain conditions, which is so-called population
inversion, meaning that the population of electrons in the conduction band is
greater than the valence band. Population inversion can be obtained by using
heavily optical or electrical pumping. In order to achieving lasing, optical
feedback is necessary. Figure 15 schematically illustrates a simple optical cavity,
which consists of two parallel mirror facets and a emitter, where optical feedback
Is introduced through using the pair of mirrors. Due to the mirror facets,
constructive interference occurs at resonant frequencies, leading to an
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enhancement of light inside the cavity. The density of photons bouncing in the
cavity increases, leading into threshold.

R2

Figure 15: Diagram of a FP type cavity.

A threshold condition is achieved when the optical gain (Gmogar i.€. gain of the
light bouncing in the cavity) exceeds the optical loss. The material gain which
can satisfy this condition is known as threshold gain. For a F-P laser the threshold
condition can be expressed as:

Gmodat = T'Gen = @i + a4y (7)

Where I' is the confinement factor, g, is the threshold gain and «; and «,,
correspond to the intrinsic loss due to absorption, scattering and mirror loss,
respectively [31]. The confinement factor is a dimensionless parameter that
describes the overlap between the gain region and the optical mode field. The
threshold gain is a property which is dependant of the carrier density. A reduction
in threshold gain means that an inferior carrier density (and pump power) is
required to obtain lasing. Therefore, it is necessary to minimise g, for achieving
a high-performance laser diode when designing a laser structure. The cavity
losses are mainly dominated by the mirror loss, which can be expressed by:

Ay = %ln (@) (8)

Where L is the cavity length and R; and R; correspond to the reflectivities of the
two mirror facets [31]. As mentioned above, intrinsic losses are typically
produced as a result of absorption and scattering.
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The capacity of a cavity to confine light is determined by its quality factor (Q),
which describes the relationship between energy stored and energy dissipated in
the cavity. The Q factor is estimated by:

A 9)

Q="
AL
Where A is the resonant wavelength and A4 is the FWHM of the resonance [31].

Normally, the characterisation of a semiconductor laser involves the
guantification of its Amplified Spontaneous Emission (ASE). The
photoluminesce (PL) or electroluminescence (EL) spectra are acquired as a
function of the excitation density, for high enough excitation density, the
spontaneous emission is amplified, allowing the appearance of an ASE band in
the spectra (if the material shows optical gain). The most used method to visualise
ASE is by means of log-log plot of the integrated intensity and excitation density.
The non-linear behaviour of the intensity and the narrowing in the spectral
linewidth (FWHM) are the fingerprint of lasing devices [30,31]. Furthermore,
once the device starts to lase, visual changes in the far-field pattern are observed.

2.2 111-nitride Vertical Cavity Surface Emitting Lasers (VCSELS)

2.2.1 Background

Laser diodes can be in either a surface emitting or edge-emitting architectures:
namely, edge emitting lasers (EELS) and surface-emitting laser. EELs emit light
from a facet which is perpendicular to the substrate, while Vertical Cavity Surface
Emitting lasers (VCSELSs) emit light along the surface of the epiwafer. Figure 16
illustrates these two kinds of device architectures. The first I11-nitride laser diode
(blue laser diode) is based on Edge Emitting Lasers (EEL) and was reported in
1996 by S. Nakamura [32]. Since then, such a blue laser diode have been widely
used for a high density-optical storage application [33].

VCSELSs exhibit different advantages in comparison to EELSs due to their superior
characteristics such as lower threshold current, single longitudinal mode
operation, symmetric and low divergence angle and two-dimensional array
capability [34]. Furthermore, the small cavity volume results in higher
modulation bandwidth compared with standard EELs. All these characteristics
make VCSELs attractive for many applications such as high-density storage
systems, laser printing or micro projectors [35-37]. However, due to the vertical
orientation, the gain region is smaller than EELs, therefore high mirror
reflectance (>99%) is crucial.
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a) b)

Figure 16: Schematic of an EEL (a) and a VCSEL (b) showing the emission direction and profile.

To form a VCSEL a cavity with an active region is placed between two reflectors.
The design of a VCSEL is critical, as a bad design can lead into losses and reduce
the chances of lasing. One of the key-challenges for the fabrication of I1I-nitride
VCSELs is due to the difficulty in obtaining an epitaxial Distributed Bragg
Reflectors (DBRs) with high reflectivity, where a typical DBR structure is due to
many pairs of AlI(Ga)N and GaN alternating layers. However, the lattice-
mismatch between AIN and GaN and the small refractive index contrast between
AIN and GaN pose great challenges in obtaining high reflectivity DBRs.

The first reported optically pumped GaN based VCSEL at room temperature was
in 1996 [38], their structure consisted of 10um GaN active region and 30 period
Al 1GagsN/Alp12Gap gsN top and bottom mirror. The threshold pumping was as
high as 2.0 MW/cm? due to the low reflectivity of the mirrors (84%-93%).
Arakawa et al. reported in 1998 the first hybrid VCSEL with lasing action at 77K,
the bottom DBR consisted of an epitaxially growth of 35-pairs Aly3:GagesN/GaN
with reflectivity of 97%, and a 6-pair TiO,/SiO, dielectric top DBR with
reflectivity of 98% [39]. In 1999 the room temperature blue wavelength VCSEL
was reported by Someya et al [40].

The electrically pumped VCSEL presents even more challenges due to all the
prejudicial effects of Il1-nitride devices. In 2008 the first continuous wave (CW)
hybrid VCSEL at 77K was demonstrated by Tieng-chag Lu et al [41]. Their
device was formed by 29 pairs AIN/GaN bottom DBR and 8 pairs Ta,Os/SiO,
dielectric top DBR. A few months later, Higuchi et al. published the first CW
VCSEL at room temperature, where both top and bottom DBR structures are
based on dielectric SiO2/Nb,Os DBRs [42]. They removed the sapphire substrate

25



by using a laser lift-off technique and then wire bonding processes to transfer the
VCSEL into Si substrate. The threshold current was 7 mA with an 8 um aperture.

Low threshold current operation requiere the spatial overlap between the optical
mode and the carriers in all the three dimensions. Over the past years, the common
approach is to define a current aperture, in order to confine the carriers and the
optical mode in the centre of the device. For the axial direction this is achieved
aligning the quantum wells (QWSs) with the anti-node of the standing optical
waves, also referred as ‘enhancement factor’, which has a maximum value of two
when a perfect overlap is achieved.

2.2.2 Anti-guiding effects

The last two decades have seen the evolution of VCSEL fabrication processes.
Normally in most of the device layouts, electric current is injected through
contacts on the top and the bottom side of the substrate. It is critical to achieve a
good lateral current confinement in a predefined area so that injected carriers can
be recombined effectively at the active region. The early development of
VCSELs is mainly based on GaAs-AlAs and their alloys, as they have virtually
identical lattice constants and exhibit a relatively large refractive index contrast,
where an epitaxial distributed Bragg reflector (DBR) based on AlAs and GaAs
provide a reflectivity of up to 99.9%. Furthermore, AlAs layers can be easily
oxidized to produce current apertures, which also act as a waveguide to confine
the optical lateral mode [43].

Unlike AlGaAs, Il1-nitride oxidised carrier aperture present a challenge itself.
Several approaches have been proposed for current confinement in GaN-VCSELSs
such as plasma damage of p-GaN [44], ion implantation [45], and the generation
of airgaps by photoelectrochemical etching [46]. The most common and simple
approach relies on depositing an insulating layer (usually SiO;) on a bare epitaxial
wafer and form a circular aperture using dry-etching techniques, followed by the
deposition of a current spreading layer, which normally is ITO to allow carriers
to be injected efficiently. The diameter of the active region of the VCSEL also
determines the lasing threshold, which can be reduced to a few microns to achieve
the lowest threshold. However, it can also exceed 100 um if a high-power output
Is desired. The confinement aperture formation involves tedious processing and
can detrimentally affect the device characteristics due to sidewall damage caused
by dry etching techniques, which becomes increasingly severe when the diameter
is below 10 um. Furthermore, another issue existing for current aperture is due to
the parasitic anti-guiding effect in the lateral direction which is a source of losses
leading to an increase in threshold currents and a lower output power. Figure 17b)
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illustrates the anti-guiding effect described in [46]. The k vectors of a standing
wave in a FP resonator can be described by:

mm mm
ka =—  Kc=——,withka > kc (10)

L T L+A

Where m is the mode number and A is the dielectric layer thickness, as A< L, m
can be assumed to be the same in both regions. The propagation modes can be
generated using a common effective mode propagating constant (Beff), where the
oblique angle of the k-vector in the cladding region is smaller than that the
aperture region. In this case, the optical energy can be leaked out of the cavity
region in the lateral direction during the FP oscillation, which is so called the anti-
guiding effect [46]. This can be seen in Fig 17a), where the refractive index has
a low value at the centre region, coinciding with the high positions of the standing
wave, this will lead into a structure with higher refractive index at the outer edge
of the aperture than the centre. Figure 17b) illustrates how the anti-guiding effect
has higher impact in high-order linear polarised (LP) modes because of their
lower Beff.

Periphery . Centre

R.Index
2.500

S

— LPy;
2498 ~—— = — 1Py
~—— —LPy

= LPsj
LP44

2.494 S~ —LP

LPgy

N
H
©
-
1

— 0
SiO2/SiN 17O
peff

' e M\

2.4924

Effective mode index

T

LPy; LPy; LPyy LP3  LPyy

N 2.490- 0. | &%0
v ooo °° o g o
_ o o0 0o°
I PPN v e—
I RO 05 20 55 S8 28 A
Refractive index difference, An (x10?)
a) b)

Figure 17: a) Schematic representation of anti-guiding effect due to dielectric aperture. Green dashed
lines illustrate the areas where the refractive index is lower in the centre compared to the periphery. b)
Calculated mode effective indices of a 6um diameter VCSEL. Reproduced with permission from [46].

2.2.3 Distributed Bragg Reflectors (DBRs)

The key element of a VCSEL is due to bottom and top reflectors between which
an active region is located. A DBR is a type of 1D photonic crystal, which consists
of a stack of multiple alternating layers with different refractive indices. The stack
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Is formed by several pairs of alternating layers with high (nH) and low (nL)
refractive indices. The number of pairs and the thickness of the alternating layers
determine the reflectance and the centre wavelength, respectively. The spectral
bandwidth of a DBR is greatly affected by the refractive index difference between
its layers. Figure 18 illustrates the Fresnel reflection of light incident to a Bragg
reflector.

Incident light
Constructive
interference
Transmitted light

Figure 18: Schematic of the Fresnel reflection on a /4 DBR.

Typically, the optical thickness for each layer in each pair is equal to a quarter
lambda and can be estimated by Equation 11, where A is the centre wavelength
and n is the refractive index. This specific thickness enables phase matched
reflection at each interference so that the reflected constructive standing wave can
be formed [47].

A (11)

t =
12 4n12

Where the peak reflectance can be estimated from Equation 12, where N is the
total number of pairs of the stack, ng and n, are the refractive indices of the
incident and the terminating medium [47].

. &(ﬁ)zw
Rpeak = 7;0 Zz — (12)
1+ (n—;)
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It can be observed that high reflectance values can be obtained even with low N
values, if the contrast between n;-n, is large (An). The stopband of a DBR is
determined by the refractive index contrast. Equation 13 provides an estimation
of the stopband of a DBR. Where n.is the averaged group index described by
Equation 14.

L _ 2n (13)
T[neff
dn

The mirror losses described in Equation 8 are slightly modified when DBRs are
used, as a portion of the optical field can be extended into the DBR with a finite
penetration depth. Consequently, the equation is modified to:

1 < 1 ) (15)
A, = In
Lesr \WR1R2
Leff = LpenDBRl + Lcavity + LpenDBRz (16)
A
LpenDBR ~ m (17)

Where, L.ss is the effective cavity length, L,cnppri and  Lyenppre are the
penetration depth of top and bottom DBR and An is the refractive index
difference [47]. Figure 19 illustrates the effect of the refractive index difference
(An) on the DBR reflectance. As mentioned above, the FWHM of the DBR and

the peak reflectance are directly proportional to the refractive index contrast
between the DBR materials.
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Figure 19: Simulated refractive index contrast Influence on reflectance of a DBR designed at 520nm.

2.2.4 Electrochemical etching of GaN to form nanoporous GaN (NP GaN)
As stated in the previous sections, a DBR structure with high reflectance of >99%
Is the key component of VCSELSs. The lattice matched epitaxially growth of 1l1-
nitride DBRs have been demonstrated using Algg2Ing1sGaN/GaN [48]. However,
the growth rate of AIINGAN layers is 0.5um/hr and the refractive index difference
between them is only ~0.2. Consequently, more than 40 pairs are required to
achieve high reflectance. Other approaches to obtaining epitaxially grown DBR
are based on Al(Ga)N and GaN, where the refractive index of Al(Ga)N can be
tuned by increasing Al content. However, with increasing Al content, the strain
also increases, leading to the generation of extra dislocations and defects. The
tensile strain also leads to cracking. Therefore, due to the low refractive index
contrast (An ~0.3), a large number of AlGaN-GaN pairs (>35) is required in order
to achieve a reasonably high reflectance [49-52]. Both approaches require long
growth times. Furthermore, the bandwidth of the AIINGaN/GaN and
AlGaN/GaN is narrow, which can become a problem during the fabrication of
VCSELSs as a little tolerance in the layer thickness in each pair would lead to the
detuning of the reflectance wavelength, shifting the spectral position from the
cavity mode.

In 2009, the first study of porous GaN formation was carried out [53],
demonstrating an electro-chemical (EC) etching technique is an efficient
approach to the fabrication of a lattice matched DBR. EC can selectively etch
heavily doped GaN into nanoporous GaN (NP-GaN) while undoped GaN remain
intact. It means that a pair of heavily doped GaN and undoped GaN can be
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converted into a pair of NP-GaN and undoped GaN, leading to a large refractive
index contrast. It has been confirmed that the bias used for EC etching process
and the doping determines the porosity of NP-GaN, tuning the refractive index of
NP GaN. The refractive index of NP GaN can be described by Volume Average
Theory (VAT):

N| =

Nerr = [(1 - (p)nGaNz + (pnairz] (18)

Where ¢ corresponds to the porosity, and ng,y , ng; are the refractive indices
of GaN and the air [54]. This approximation is valid when the pore diameter is
smaller the wavelength, specifically when the scattering factor is less than 0.2

(X = ”A—d < 0.2). The refractive index of NP-GaN in DBRs has been reported to

be as low as 1.65 [55]. Figure 20 illustrates a comparison between a 40 pairs
AlGaN/GaN DBR and a 11pairs NP-GaN/GaN DBR, demonstrating the major
advantages of NP-GaN based DBR.
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Figure 20: Simulated reflectance of a 40pairs AlIGaN/GaN DBR and 11 pairs NP-GaN/GaN design at
520nm, where n-NP=1.9, n-GaN=2.44.

Prof Jung Han’s research group provides a systematic study of the pore
generation and pore evolution of c-plane GaN grown on sapphire under different
EC etching conditions [56]. Figure 21 illustrates the phase diagram for EC etching,
exhibiting pore size and pore density as a function of applied etching bias and
doping concentration.

Our study has also concluded that for a fixed doping concentration, porous
formation occurs at a narrow window in terms of applied bias. It means that below
a certain point no etching can occur, while beyond bias heavily doped GaN can
be completely etched away (i.e., electro-polishing). Our further study indicated
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that the pore size increases linearly with applied voltage, but the porous density
Is determined by the doping concentration of heavily doped GaN.
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Figure 21: Phase diagram for EC etching. Cross section SEM images under different etching conditions.
Reprinted with permision from American Chemical Society [56].

Two main types of EC etching processes have been studied. The first one is due
to lateral etching, which can be achieved by initially depositing a dielectric layer
on a heavily-doped GaN sample, followed by dry etching (using RIE or ICP) to
form open trenches through the dielectric and n-GaN/GaN layers and then EC
etching. Once EC etching starts, the acid flows into the sample from the sidewall
due to the top protection of the initial deposition of the dielectric film, forming
NP-GaN in a lateral direction only [57]. The pore distribution is highly uniform.
However, the etching speed is limited to a few pm/min. Defect assisted EC
etching has also been reported, meaning that the etchant flows through surface
defects (pits) and etched vertically heavily doped n-GaN. In that case, etching is
much faster (30 min for a 2inch wafer), depending on defect density [58]. This is
certainly not ideal, as the need for dislocation paths would degrade the VCSEL
formation by adding non-recombination centres and leakage paths. Furthermore,
the threading dislocations can cause the acid to flow vertically, unintentionally
porosifying other n++ GaN layers and thus affecting the properties of the finally
formed DBR.

The mechanism of porous formation has been widely studied. In general, an EC
etching process involves four steps: the generation of holes at the interference
semiconductor/electrolyte, the oxidation of the exposed GaN surface, the
dissolution of the oxidised layer by the etchant, and the merging of the reaction
products into the solution [59]. The oxidation of GaN in EC reaction can be
expressed as:

2GaN + 6h* > 2Ga®t + N, 1 (19)
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Where Ga3* ions are dissolved in the electrolyte. Water oxidation also occurs,
generating H, bubbling at the cathode.

The EC porosification process is mainly governed by the oxidation of GaN,
driven by holes, which are created via Zener tunnelling or avalanche breakdown.
The doping-concentration of n-GaN determines which mechanism governs the
reaction. A band bending results from a negative applied potential at the
electrolyte interface, the valence band at the interface is pulled to a higher energy
than the conduction band in the bulk material. For high doping layers, the space
charge region (SCR) becomes really narrow, enabling electron tunnelling from
the interface valence band to the conduction band, leaving a hole. For low doped
layers, the SCR is wider, avalanche breakdown is produced when carriers gain
sufficient kinetic energy (obtained by acceleration under a high electric field) to
cause electron-hole pairs by colliding with bound electrons [58]. Figure 22
illustrates these two mechanisms.

GaN SCR Electrolyte

Figure 22: Band diagram of GaN/etchant showing hole generation mechanism. Adapted with
permission from [58].

The basic EC setup is described in Figure 23. An indium pad is attached as an
anode on the surface of a sample, while a platinum pad is used as a counter
electrode. The electrolyte forms an ion transmission path between both electrodes,
constant bias voltage is provided by a SMU. Furthermore, a stirrer is employed
to maintain the EC process uniformly.
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Figure 23: Set-up for GaN electrochemical etching.

2.2.5 Microcavities and Whispering Gallery Modes (WGM) in a microdisk
laser

Light is confined in an optical cavity by resonant recirculation. Cavity modes are
formed at different wavelengths, which are determined by the cavity size. In
semiconductor lasers, coherent photon emission occurs when the emitting dipole
IS in resonance with the optical cavity mode. It is therefore crucial to understand
how to tune the cavity resonances to match them with the emitter.

In 1946 Purcell proposed a theory that suggested that the environment of an
emitter can change its spontaneous emission [60]. If an emitter could be placed
in a microcavity, spontaneous emission can be significantly enhanced, as it
modifies its local density of states (LDOS). The modified LDOS allows emission
and absorption rates to be enhanced. Otherwise, a reduction in the recombination
rate occurs when dipole and the cavity mode are not in resonance. This is so-
called Purcell effect, which can be described by using Purcell factor.

The Purcell factor describes the enhancement of a dipole in a cavity compared to
that in a free-space. If the Purcell factor is much greater than one, the exciton can
radiate much faster in the cavity than in free space. The lasing threshold can be
reduced if the Purcell effect is enhanced, as the spontaneous emission coupling
factor (B) which is defined as the fraction of spontaneously emitted photons
coupled to the cavity mode, would increase [61]. Equation 20 and 21 describe the
Purcell factor inside a cavity and in a free-space [62]. The effective mode volume
(Veff) is directly related with the cavity dimensions. The reduction of the
effective volume of a cavity leads to the increment of the spontaneous emission
factor. If the emission rate of an exciton is enhanced by the interaction with the
cavity, the light produced by the exciton can be channeled into the cavity mode.
Thus, the fraction of spontaneous emission in all the other modes is reduced. One
of the fundamental sources of losses in lasers is spontaneous emission going to
non-laser modes, therefore if we reduce it, the threshold can be lowered.
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The spontaneous and stimulated emission can coexist at the same resonant
frequency in a sufficiently small cavity. Purcell factor and the coupling strength
are enhanced when the size of the cavity is reduced. Therefore, microcavities
present interesting properties as the local density of photon states can be increased
by reducing their volume [63].

A resonator with circular geometry can sustain optical modes that bounce on its
perimetry due to total internal reflection, where light can circulate around the
edge of the resonator by following a critical angle according to Snell’s law. The
modes generated are termed as ‘Whispering gallery modes’ and were observed
using sound waves at St Paul’s Cathedral (UK) where sound can be noticed only
in specific points (nodes) of the circumference [64]. The light can interfere
constructively through all the reflections.

The spacing between modes, so-called free spectral range (FSR), depends on the
cavity radius, which can be described by Equation 22, where A is the resonance
wavelength, R is the radius of the cavity and n is the refractive index of the cavity.

A? (22)
FSk = 2nRn
Microdisk cavities are three-dimensional. The thickness of a cavity has to be
properly designed in order to eliminate any vertical modes that can generate mode
competition. Equation 23 describes the critical thickness that avoids the formation
of vertical modes.

A (23)

A higher B is desired in order to reduce the threshold, as more spontaneous
emission is coupled to the lasing mode. Thus, is preferably to have a low number
of cavity modes overlapping with the gain region. Therefore, thin microdisks with
small diameters are desirable to achieve low threshold lasers.

Microdisk lasers have attracted much attention during the past years due to low
lasing threshold, small mode volume and high-quality factor. Owing to excellent
characteristics, WGM lasers have several potential applications, such as sensing
devices, microdisplays, imaging, and on-chip integration [65,66]. Their structure
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relies on a mirror-free structure, where the growth difficulties of I11-nitride based
DBRs previously mentioned disappear (Section 2.2.1). Due to these major
features, microdisk lasers could potentially become an alternative option for
VCSELs.

So far, most of the reports on lasing achieved from GaN based microdisk are
under optical pumping, where a typic structure employs air as a cladding layer
which can be obtained by using an undercut structure (forming a pedestal)
fabricated by wet etching techniques [67-70], as shown in Figure 24.
Consequently, a large refractive index contrast between GaN and air form an
excellent cladding layer to confine the optical field along the axial direction.
However, it is a great challenge to achieve an electrical injection microdisk laser
due to poor electrical injection through the pedestal.

Figure 24: Schematic (a) and SEM image (b) of a undercut GaN microdisk. Reprinted with permission
from [68].
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Chapter 3: Experimental and characterisation

techniques for I11-nitride optoelectronics

3.1 Experimental techniques

This chapter presents the fabrication techniques used during this research to
fabricate emitters on a micro-scale. Characterisation methods such as
Photoluminescence (PL) and Electroluminescence (EL) are also introduced.

3.1.1 Metal organic chemical vapour deposition (MOCVD)

Metal-organic chemical vapour deposition (MOCVD), also known as metal-
organic vapour phase epitaxy (MOVPE), is a technique used to produce epitaxial
layers for I11-V materials (e.g. GaN, GaAs, or InP) compounds for electronic and
optoelectronic devices.

The MOCVD used for sample growth in this thesis was based on a close-coupled
showerhead (CCS), allowing the group Il and V precursors to be vertically
injected into the chamber. Figure 25 illustrates the reactor used through this thesis,
which was able to growth three 2-inch wafers per growth run. The distance
between the showerhead and the susceptor (e.g. where the substrates are hold) is
very short (=11mm) to minimise potential parasitic reactions between group 111

and V precursors. The susceptor uses a high rotation speed to ensure crystal
growth uniformity.

The precursors for group Il elements gallium (Ga), aluminium (Al) and indium
(In) were Trimethylgallium (TMGa), trimethylaluminum (TMAI), and
trimethylindium (TMIn), while ammonia (NH3) was chosen as group V element
precursor. The GaN film originates on a substrate as the result of a series of
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complex gas-phase and surface chemical reactions between group Il and group
V precursors that takes place on a substrate under high temperature. For example,
the growth of GaN on sapphire requires a mixture of NHz and vapourised TMGa
as the reactants. Like gaseous NHj3, the vapourised TMGa involved in the reaction
must be carried from the bubbler (where the metal organic source is held) by a
carrier gas, which is usually either pure hydrogen (H;) or pure nitrogen (N).

3.1.2 Photolithography

Photolithography is a technique that allows us to transfer a predefined pattern in
a photomask to an epiwafer by using a UV sensitive polymer (photoresist). In
order to eliminate any unintentional photoresist degradation, photolithography is
carried out in a yellow room under a cleanroom environment. Photoresists are
classified depending on how they react with UV light. The exposed area of a
positive photoresist becomes more soluble and can be then removed by
Immersing in a developer solution, while a negative photoresist exposure to UV
light causes polymerisation, becoming insoluble and extremely difficult to be
dissolved through development processes [1].

The standard photolithography process includes an initial epiwafer soft baking at
100 °C for 1 minute to remove moisture possibly left in a previous wafer cleaning
process, aiming to improve adhesion with a photoresist. Subsequently, the sample
is placed in a spin-coating system (EMS model 400 spin coater), where a
photoresist is deposited and the rotational speed of the spinning stage causes a
centrifugal force that spreads the photoresist, generating a uniform film thickness.
The thickness of the photoresist can be controlled by tunning the acceleration
profile and the dwell time. The mask pattern designed is exposed to 365nm UV
radiation from a Karl suss MJB mask-aligner, shown in Figure 26. For this project,
SPR350 has been used as a photoresist, and the spinner speed is set at 4000rpm
and 30s dwell time. A diluted solution of MF26A is used to remove the exposed
photoresist. After developing for 60 seconds, another soft bake dry process is
carried out during 1 minute. The final thickness of the photoresist is around 1.2
pm.
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Figure 26: Karl suss MJB mask-aligner. Inset shows the standard photolithography process.

3.1.3 Etching techniques

3.1.3.1 Inductive coupled plasma etching

Dry etching process involves the utilisation of plasma and reactant gasses to etch
undesired material. Two main mechanisms exist in plasma etching, physical ion
bombardment and pure chemical etching. lon bombardment relies on accelerating
ions to collide with a sample and remove the material from the surface, the
etching rate is highly dependent on the flux and energy of the ions. Besides, in a
chemical process, the material surface is etched by free-radicals etchants forming
volatile byproducts (i.e. GaCls) that are pumped out of the reactor. The etching
rate is determined by the chemical reaction that occurs between exposed material
and the gaseous environment [2].

Inductively Coupled Plasma (ICP) generates a high-density directional plasma by
introducing gases above an inductive coil, placed around a ceramic tube with RF
(electromagnetic induction). Figure 27 shows the Oxford Instrument Plasmalab
System used in this work to etch GaN and SiO2. A mixture of Cl,/Ar is used to
etch GaN with high anisotropy. The etching rate is normally determined by the
RF power used, which is usually kept a low level to minimise damage to sample
(i.e. non-radiative recombination centres) [3,4]. Table 3 illustrate the conditions
used to etch GaN throughout this thesis.
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Figure 27: Plasmalab used during this project (a), schemattic representation of the ICP (b).

Table 3 : Etching recipe for GaN based materials

Pressure ICP RF Temperature  Arflow SiCl4 Cl2

(mTorr)  power Power (°C) (sccm)  flow Flow
(W) (W) (sccm)  (sccm)
4 450 150 20 4 1.5 15

3.1.4 Thin film deposition

The fabrication of p and n metal contacts is critical for high performance emitters.
Two kinds of metal contacts are generally described, Schottky barrier and Ohmic
contacts. Schottky barrier contacts form a large potential barrier (high resistance)
at the interface between metal and semiconductor, while there is no potential
barrier for ohmic contact and its current-voltage characteristic is ideally linear [5].
Figure 28 illustrates the current-voltage characteristics of the two types of
contacts. Ohmic contact is necessary for the fabrication of I11-nitride emitters. It
Is fairly straight forward to obtain Ohmic contact for n-type GaN [5], but more
efforts are required to achieve ohmic contact for p-GaN. In order to form metal
contacts, different deposition techniques can be used, followed by a thermal
annealing process for metallisation to reduce the specific contact resistance.
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Figure 28:Schematic of the I-V characteristic of a Ohmic (red) and Schottky (blue) contact.

3.1.4.1 Metal thin film deposition

3.1.4.1.1 Thermal evaporation deposition and Electron beam deposition

A thermal evaporation is one of the traditional Physical Vapour Deposition (PVD)
techniques that can be used to deposit a thin metal film under high vacuum
conditions such as Al, Au, Ti, Ni. Figure 29 shows our Edwards system used for
the deposition of n-contacts and bond-pads for LEDs and VCSELs. Another
common method for thin film deposition is a sputtering technique. However, the
lift off process becomes tedious as the deposition target is placed in an angle,
enhancing sidewall deposition, the formation of a bi-layer structure can promote
the lift-off. For thermal evaporation, high purity metals are placed in a tungsten
coil. High current is applied through the coils to melt the metal, and the thickness
of the deposited film is recorded by a quartz crystal monitor (QCM) placed
besides the sample. The process is carried out under low pressure (~10®°mTorr)
allowing particles to travel directly to the sample, where condensation is
produced. For this work a standard Ti/Al/Ti/Au was deposited to form the n-
contact and Ni/Au was used as p-contact.

~10"%mTorr

AN\

iy “« shutter
]

— sample
QCM

l Pump

Figure 29: Edwards E used for thermal evaporation.
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Electron-Beam physical vapour deposition

Indium Thin Oxide (ITO) or Ni/Au is commonly used to form p-contact for p-
GaN. ITO offers better high optical transparency in the visible spectral region. In
this work, ITO was chosen as a p-contact in Chapter 5, while Ni/Au was used in
Chapter 4 and Chapter 6.

An E-beam technique is similar to the thermal evaporation technique described
above, but a sample needs to be located on the top part of the chamber. An
electron gun emits high energy (~10KV) electrons which bombard the desired
target, i.e. solid ITO which is contained in a tungsten crucible. Due to the electron
beam bombardment, the target material evaporates, allowing ITO to travel under
low pressure and then deposit on the surface of the sample. The sample holder
rotates at 10rpm to produce a uniform deposition. The deposited thickness is
recorded by a crystal monitor.

Thermal annealing

A rapid thermal annealing (RTA) technique is used for thermal p-type GaN
activation and contact metallisation [6]. Figure 30 illustrates our RTA system
used during this project. A high temperature of up to 850°C can be reached.
Annealing temperature is monitored by using a pyrometer accompanied by a
thermocouple placed underneath the sample holder (carrier wafer).

R T |
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|
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Figure 30: Jipelec JETFIRST annealing system.

The activation of p-type dopants (Mg) was performed on an N, ambient at 700°C
for 15 minutes. ITO annealing was carried out at 600°C in a mix air ambient
(N2/O,) for 1 minute. More details about the ITO annealing optimisation can be
found in Chapter 5.
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3.1.4.2 Dielectric film deposition by PECVD

A Plasma Enhanced Chemical Vapour Deposition (PECVD) technique has been
widely used to deposit dielectric layers such as SiO,-SiN. Samples are placed in
a vacuum chamber where reactant gasses are injected. For the deposition of SiO2,
a combination of SiHs-N2-N2O is used. The reaction takes place after plasma is
formed between metal plates under a radio frequency wave. The quality of the
films is higher than other CVD techniques. Furthermore, the deposition
temperature of up to 300 °C can be controlled. Figure 31 shows our Plasma-
Therm 790 used in this work.

S5
Plasma

R
s
b

Figure 31: a) Image of Plasma-Therm 790 series PECVD system. b) Schemattic diagram of a PECVD.

A slightly modified version of PECVD is Inductive Coupled Plasma Chemical
Vapour Deposition (ICPCVD), which has also been used in this work. ICPCVD
allows the deposition of high-quality dielectric films at lower temperature
(100 °C), preventing device degradation. Film thickness uniformity is also
improved.

3.2 Optical and electrical characterisation

Characterisation techniques have been used in order to study the properties of the
light emitting devices fabricated in this project. In the following sections, these
techniques will be described in detail.

3.2.1 Photoluminescence (PL)

A photoluminescence spectroscopy is a non-destructive and non-contact
technique used to study the optical properties of a semiconductor, such as band-
gap, QCSE and crystalline defect [9]. A laser is used as an excitation source, the
photon energy of the laser must be higher than the bandgap of the sample
measured in order to optimally pump the active region. A 375nm continuous
wave laser (Vortran Laser Technologies) is used as an excitation light for our PL
system. The laser beam is incident and then focused on a sample with a diameter

48



beam spot of 200 um via two high reflective Al mirrors and then lenses. The
emission from the sample is then disperse by a monochromator and then detected
by a cooled CCD detector. Figure 32 provides a schematic illustration of our PL
setup used.

375nm Laser

DUT

]
Lens

Al Mirror

>

Monochromator

Figure 32: Schematic representation of our photoluminesence setup.

3.2.2 Confocal photoluminescence

Spectral imaging confocal microscopy has been measured by using WITec
Alpha300. The principle is similar to the standard PL. However, in this case, a
single point excitation and collection are both focused through a 10 um pinhole.
Therefore, light is rejected outside the image-plane, achieving a high lateral
confocal resolution and imaging contrast. Figure 33 illustrates a simplified
schematic diagram for our confocal spectral imagining system.
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Figure 33: Schematic of the confocal microscopy system.
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The sample position is controlled on a sub-nanometre scale using a 3 axis scan-
stage with a lateral range of 100 x 100 pum and an axial range of 20 um. A 375
nm diode laser supplied by Vortran Laser Technologies is coupled into a single
mode fiber, which acts to eliminate any beam profile distortion. A 100x
magnification objective with 0.95NA is used to focus and collect the light.
Emissions are dispersed and then collected by Princeton Instruments SprectraPro
300i Czerny-Turner spectrometer and Andor Newton DU970N-UVB-353.

3.2.3 Micro-Photoluminesce

A micro-photoluminescence (u-PL) system is a slightly modified version of the
previously PL setup presented, which can spatially resolve photoluminescence.
This system includes a 50x magnification objective, which allows the excitation
laser to be focused into a beam with a diameter of 2 um. Power dependant
measurements are feasible due to a software that controls the excitation power.
Figure 34 displays a schematic illustration of our micro-PL system employed.
Two kinds of diode lasers are connected to this system: a 375 nm CW diode laser
with a maximum power of 60 mW and a 375 nm pulse diode laser with an average
power of 1 mW and a pulse width of 50 ps. The switching between the two diode
lasers is achieved by using a flip mirror. The laser beam is reflected by 90°
towards an objective by using a high reflectivity dichroic mirror (<99% at
wavelengths shorter than 412 nm). Emission is collected through the same
objective and then pass through a 50-50 beam splitter. The first part of the light
Is directed to a CCD imagining camera to visualize the sample surface. The
remaining 50% is coupled into an optical fibre and finally connected with a 0.55m
long iHR spectrometer which disperses the light. Emission is detected by a -70C
TE cooled CCD array detector.

iHR 550 Spectrometer

CCD for imaging . TE cooled
l Beam splitter CCD array

Flip mirror {
375nm
CW diode -/4 50x objective
laser 0.42 NA

Vy—z stage
375nm

Pulsed diode Laser

Figure 34:Schemattic diagram of the micro-PL system.
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3.2.4 Electroluminescence (EL)

Electroluminescence is described as the formation of photons due to the
recombination between and electron-hole under a forward bias. Figure 35
illustrates our home-made system used in this work. An optical microscope is
mounted above the samples, equipped with a CMOS camera (XIMEA xiQ global-
shutter) connected with a x12 objective (UltraZoom Navitar lens tube). Keithley
2400 SMU Current provides injection current into a device through the sample
pads by using electrical probes. The emission is collected using an x50
magnification objective with 0.42NA. The emission with an area of 100x100um
Is observed. The collected emission passes through a 50:50 beam splitter and is
then coupled into a fiber collimator. The emission spectra is recorded by using a
Andor Newton CCD.

A standard XYZ motorised stage with a traveling arrange of 75 x 75 mm is used
to allow for a focusing purpose. The system also includes a 360° motorised
rotation stage.

Fibre
Camera . collimator
Lens + pinhole

DUT

Beam
splitter

X50
Objective

Monochromator

Figure 35: Schematic of the micro-EL setup used for spectrum characterisation.

3.2.5 Scanning electron microscopy (SEM)

Surface morphology can be measured on a high magnification (10-10°) by using
Raith EO Field-Emission Scanning Electron Microscope (FE-SEM). High energy
electrons are emitted under vacuum conditions (10°mbar) with voltages ranging
from 0.1 to 30KV. The electron beam is collimated and then focused on a testing
sample after passing through several magnetic lenses [10]. The focus electron
beam is scanned across a 3D topology. The bombarding electrons on a testing
sample produce secondary electrons or back-scattered electrons, which are
converted into electrical signals which reflect on the surface morphology of the
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testing sample. The signals are finally converted into a 2D images. Figure 36
shows a schematic illustration of the configuration of a SEM machine.
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Figure 36: Schematic of an SEM.

3.2.5 Ellipsometry

Ellipsometry is a non-destructive technigue which can be used to study the optical
properties of dielectric materials. An ellipsometer measures the change of
polarisation (¥) and phase difference (A) in a reflection or a transmission mode
produced by a sample and compares it with a model. Typically, it can be used to
measure the refractive index and the absorption coefficient of a film [11]. Figure
37 shows a schematic of a standard ellipsometer. A light source produces
unpolarised light, which is then polarised and targeted to a sample, the reflection
beam from the sample is collected and then detected by a detector. The collected
information is compared to a calculated predicted response from a data input.
Mean square error (MSE) is used to quantify the difference between curves.
Chapter 6 discusses about modelling of dielectric layers to form DBRs.

Detector

Light Source

Polarizer

Analyzer

Figure 37: Diagram of an ellipsometer.
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Chapter 4: Study of whispering gallery modes
(WGM) in HHI-nitrides by FDTD

Small footprint microresonators, such as microdisk are one of the key
components in photonic circuits. This chapter presents the state of the art of
electrically injected Ill-nitride microdisk lasers. Then FDTD simulations of
whispering gallery mode (WGM) in a conventional microdisk laser with an
undercut structure (also known as pedestal) are discussed. A systematic study on
an alternative approach based on micro-disk lasers with nanoporous GaN as a
cladding layer instead of the undercut is presented. Furthermore, based on the
simulation study, green emitting micro-disks have been fabricated and a detailed
characterisation has been conducted, aiming at optical and electrical pumping.
WGM modes have been observed under an optical excitation. Finally, an
investigation of optical and electrical properties of InGaN MQWs has been
conducted through SiLENSE.

4.1. Introduction

Micro or nano-cavities have been demonstrated in the fabrication of laser
structures with excellent characteristics. Compared with edge-emitting lasers,
microdisk lasers based on whispering-gallery mode (WGM) resonators have
major advantages in terms of low threshold current, small mode volume and high-
quality cavity factors (Q). This is particularly important for Ill-nitride lasers.
These features allow them to be promising towards various fields, including
optical storage, chemical and biological sensing, microdisplays etc [1-4].
However, so far, the fabrication of GaN based microdisk lasers mainly relies on
the etching of a sacrificial layer to form an undercut structure, which provides
vertical confinement due to the large refractive index difference between IlI-
nitrides and air. Although this approach has achieved success in the fabrication
of an optically pumped laser, the undercut structure compromises the current
injection laterally (from p-GaN to n-GaN) and vertically (through the pedestal)
[5-7]. Ultimately, more efforts are required in order to achieve an electrically
injected laser.

Until now, the research on Il1-nitrides microdisk has been focused on GaN-on-
Silicon substrates due to its low cost, low resistivity and high thermal
conductivity. In 2018, the first electrically injected pulsed RT InGaN based
microdisk was presented. Their device was based on a 20 um diameter disk, with
‘pedestal-free’ architecture using AlGaN as a top and bottom cladding layer. The
peak lasing was emitted at 412 nm with a lasing threshold of 250 mA [6]. In 2020,
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the same research group achieved CW operation at 410 nm, while shrinking the
diameter to 16 pm reaching a low threshold current of 18 mA [7]. Their study
relied on the effect and suppression of unintentional incorporation of carbon
impurities in the p-type AlGaN cladding layer. In 2021, a research group from
Xiamen University reported a novel mushroom-type microdisk, based on a
copper substrate and a copper pedestal [8]. Clear WGM lasing was observed
under optical pumping. However, electrical injection lasing or the presence of
modes was not achieved. Recently, a 20 um diameter microdisk emitting in CW
mode at 420 nm was reported [9]. Figure 38 illustrates the results typical
characteristics of Ill-nitride microdisk lasers, previously mentioned. So far,
electrically injected green emitting microdisk lasers have not been achieved either
in GaN on Si or GaN or sapphire.
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Figure 38: a) Pedestal free microdisk laser on Si. Reprinted with permision from American Chemical
Society [9]. b) Mushroom approach showing lasing under optical pumping. Adapted with permission
from Optics Express [8].

4.1 Finite difference time domain (FDTD) method algorithm

Finite-Difference Time-Domain (FDTD) is a powerful method used for solving
Maxwell equations in complex geometries such as nano-scale optical devices.
Although FDTD is a time domain method, a frequency solution can also be
obtained by using Fourier-transforms. Therefore, useful properties such as
transmission-reflection of light or the complex pointing vector can be calculated.

FDTD solves Maxwell’s curl equation in non-magnetic materials:

oD . (24)
— =V xH
ot
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D(w) = eoer(a))ﬁ(w) (25)

0H 1 . (26)
—=—-—VXE
at Ho

where H, E, and D are the magnetic, electric, and displacement fields,
respectively, while &, (w) is the complex relative dielectric constant (&, (w)=n?,
where n is the refractive index).

Maxwell equations can be written in terms of their orthogonal field components
producing six equations relating the electric (E) and magnetic fields (H): Ex,Ey,E;
and Hy,Hy,H;. Assuming the independence of the fields of Z direction, and also
that the structure in the Z direction is infinite, Maxwell equations are dived into
two independent set of equations, formed by three vector quantities which only
have a solution in the X-Y plane. These are commonly termed TE (transverse
electric) and TM (transverse Magnetic). For the TM case, Maxwell equations are
solved as:

oD, 9H, 0H, (27)
ot  dx Oy
D,(w) = go&r(w)E,(w) (28)
0H, 1 0E, (29)
ot o 0y
OH, _ 10, (30)
ot up 0x

FDTD solves the set of equations on a discretised temporal and spatial grid, where
each field component (E and H) is solved at a different location within the grid
cell (Yee Cell). Figure 39 illustrates a typical representation of a Yee-Cell.
Lumerical FDTD solutions is the software used through this thesis [10]. In these
simulations a geometrical model of the structure was constructed in a 3D CAD
environment, where material parameters were specified. Sources and monitors
were used to inject and record electromagnetic fields into the simulation region.
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X/:

Figure 39: Representation of a Yee Cell. Reprinted with permission [10].

4.2 Modelling of WGM in microdisks based on an undercut structure
Dipole sources are used to produce electromagnetic fields, which can simulate
point source radiators, such as the radiation from an emitter MQW structure [11-
13].

In order to understand the spectral distribution of WGM modes, 3D FDTD
simulations have been performed. To excite the WGM, broad band dipoles are
placed at edge of the diameter of the 4 um diameter microdisk to generate
possible total internal reflection. The polarisation of the dipoles is in-plane to the
InGaN MQW active region of a LED corresponding to TE polarisation which is
dominant in InGaN emitters [14,15]. The dipoles are assumed to have a Gaussian
emission wavelength of 520 nm with a FWHM of 50nm, emulating the measured
PL of our green InGaN microLEDs. Figure 40a) illustrates the refractive index of
the simulated microdisk structure, where the refractive indices of GaN and the
active region are assumed to be 2.44 and 2.6, respectively. For simplicity, the
active region has been defined as a single layer, instead of different MQWs-
barriers. There is a minimum of ten mesh cells per wavelength in the simulation
that runs for 5000fs. The electric field profile has been recorded at resonant
wavelengths by frequency-domain power monitors. The simulation region is
surrounded by perfectly matched layer (PML) absorbing boundaries on all sides.
A series of 30 time-monitors are placed radially at the outer diameter of the cavity
to record the WGM spectral distribution. Basically, the electric and magnetic field
components are recorded as a function of time, the decay slope of the fields was
used to determine resonant wavelengths and its Q-factor. Resonant modes have
longer lifetimes than those off-resonance, so time the monitors are set to record
data after 200fs, to avoid any initial transients of the dipoles.

Figure 40b) illustrates the spectral distribution of WGMSs. The first order WGMs
observed with a FSR (i.e. spacing between first order modes) of 8nm, which
matches Equation 21 assuming the emission at 520 nm and a refractive index of
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2.44. Furthermore, the second order WGMSs can also be observed. Figure 40c)
illustrates the Z-normal electric field distribution of the microdisk, labelled as
TEmn WGMs, where m and n are the radial and angular mode number order.
Figure 40d) illustrates the electric field in the Y-normal axis, where a perfect
overlap of the modal field and the active region is observed. The edge of
microdisk has been marked by white dotted lines as a reference.
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Figure 40: a) Refractive index map of 4um diameter disk. b) Simulated spectral mode distribution. c)
Electric field represnetation normal to Z, where red and blue represent the highest and lowest field
intensity. d) Electric field represnetation normal to Y, where the pink line represents the active region.

The previous results showed the existence of WGM in a thin microcavity
structure, which can be valid for optical pumping. However, the thickness of the
active region of an I1I-nitride emitter is typically around 100 nm. Furthermore, an
electrically pumped microdisk laser requires a p-type layer which is necessary for
not only confining light, but also providing hole injection into the MQWSs. The
same procedure previously described has been used to simulate a thick pedestal
structure, which is 500nm thick.

Figure 41a) illustrates the profile of the refractive index of a simulated microdisk.
Electromagnetic fields are injected by dipoles using the same approach
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previously described. Figure 41b) shows the mode spectra of such a structure
which forms a thick microcavity. Although the spacing between fundamental
WGM modes is 8 nm, several extra modes appear between them which are due
to either FP modes along the vertical direction or hybrid modes (WGM-FP
modes). The presence of the extra modes generates a mode-competition which
potentially increase the lasing threshold [16-18]. Figure 41c) illustrates the
electric field distribution along the Z and Y directions, respectively, indicating
that the modal fields extend to the outside of the active region. This would have
a negative impact in the confinement factor, Q-factor and mode volume, leading
to a reduction in Purcell-enhancement.
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Figure 41:a) Refractive index map of the simulated thick pedestal cavity. b) Spectral mode distribution
c) Electric field distribution Z-normal (top) and Y-normal, where the MQW has been outlined with a
pink line.

Figure 42, illustrates the simulated Q-factor for a thin and a thick pedestal
structure, respectively. The first order WGM have been marked with a red circle.
As can be observed, the thick cavity led to lower Q-factor modes.
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Figure 42: Simulated Q-factor of thin and thick pedestal cavities. The main WGMs in the thick pedestal
has been rounded with a circle.

4.3 Modelling fabrication and characterisation of microdisks with
nanoporous cladding layers

Even if WGM lasing has been achieved in an undercut structure, there is a great
challenge associated with carrier injection, which is the major barrier for
achieving electrically injected microdisk lasers.

Theoretically, a high refractive index contrast between a cladding layer and a
cavity lead to a confinement in the fields of an active region. Typically, I11-nitride
materials use AlGaN as a cladding layer [19-25], while AlGaN generates tensile
strain on a GaN surface due to the lattice-mismatch. Therefore, a trade-off
between a high index contrast (labelled as An) and the tensile strain limits the Al
composition in AlGaN to be less than 10%, giving An <0.04. As described in
Chapter 2, heavily doped n++ GaN can be porosified by using an electrochemical
etching technique, significantly reducing its refractive index. This leads to a
significant enhancement in An, up to 0.5 [19]. Furthermore, porous GaN is
conductive, and such porous GaN as a cladding layer could be an alternative
option for being used to replace a pedestal structure, forming a conductive
channel for injecting current to achieve an electrically injected microdisk laser.

A 3D FDTD simulation has been carried out to simulate the effect of such a
porous GaN based microdisk. The effective refractive index of porous GaN is
assumed to be 1.9, taken from [19]. The injection of the fields and data collection
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have followed the same approach described in the previous section. In fact, the
position of the dipoles and time monitors remained unchanged. The simulated
model spectrum shown in Figure 43b), illustrates that either vertical FP modes or
hybrid modes disappear. Figure 43c) also provides the comparative data for a
pedestal structure and a GaN porous based structure in terms of Q-factor, where
a higher Q factor is obtained for the porous GaN disk.
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Figure 43: a) Refractive index map the simulated structure. b) Simulated WGMs with porous cladding
layer. c¢) Simulated Q-factor of the three different kinds of cavities mentioned.

The presented results showed the potential of porous cladding layer to replace
AlGaN. Thus, to validate the results, microdisks were fabricated. The samples
were grown on c-plane sapphire using our MOVPE (Aixtron 3x2” flip-top CCS
reactor). First, by using a standard two-step growth approach, a 6 um-thick GaN
layer was grown, followed by the growth of a 500 nm heavily doped
n++Aly0.GaN as a cladding layer, a standard 5 periods of Ing,7GagssN/GaN
MQWs were then grown with the thicknesses of the barrier and quantum well of
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12 nm and 2.5 nm, respectively. The emission wavelength of the MQWSs is
designed to be 520 nm.

Electrochemical etching was carried out under 7V bias at room temperature for
30 minutes. The electrolyte used was a solution of 0.3M HNO3;, which was
constantly stirred during the etching process using a magnetic bar.

Once the AlGaN cladding layer was porosified, the sample underwent a
patterning process and then a dry-etching process to form micro-disks with a 5
pim diameter. Figure 44, which shows a SEM image of the porous GaN based
microdisk. Although the porous formation is successful, the sidewall of the
microdisk show an inclination of 44 degree with respect to the vertical direction.
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Figure 44: Cross section SEM image of a 5um diameter Rod with nanoporous cladding layer.

Optical characterisation has been carried out by using our micro-PL system, as
shown in Figure 45, which demonstrates the excitation power dependent PL
spectra of a microdisk with porous GaN and a microdisk without porous GaN,
respectively. The PL spectra of the microdisk without porous GaN shows equally
spaced peaks separated 5 nm apart, which does not match with WGM free spectral
range. The emission suffers a clear blue shift due to QCSE. In contrast, the
microdisk with porous GaN shows sharp peaks uniformly distributed with a
spectral spacing of 10nm which roughly agrees well with the WGM simulated.
Modes are only observed on the low-energy side of the MQW spectrum, which
Is typical for GaN based microdisk with MQW as an active region, probably due
to the reabsorption of high energy photons before coupling to cavity modes [27-
32]. The peak at 507nm has been fitted through Lorentz fitting, which gives a
FWHM of 1nm at 15mW. A spectral red shift can be seen between 15mW and
20mW, probably attributed to heating effects. The further increase in excitation
power leads to more redshift, broadening and a decline in intensity. Although
lasing has not been clearly observed, the great potential of porous GaN as a
cladding layer for a microdisk laser has been demonstrated.
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Figure 45: Micro-PL power dependent spectrum of 5 um diameter a) Conventional Rod b) Nanoporous
Rod.

A new growth run based on the same conditions but adding 100nm p-GaN took
place. Electrical injected microdisk based on porous GaN have also been
fabricated. In detail, a range of microdisk structures with a diameter ranging from
100 pm to 20 pm. First, EC etching took place ina 0.3M HNQO3 electrolyte under
5V bias for 30 minutes. Thermal evaporation was used to deposit Ti/Al/Ti/Au as
n-contact and a thin Ni/Au alloy as a p-contact. Both contacts were annealed in
order to obtain a lower specific resistance. Electro-luminescence measurements
have been carried out on these devices. The emission was collected by a multi-
mode fibre which was placed on the edge of the device, and was detected by using
a Flame UV-MIS spectrometer. Figure 46a) shows the emission image of a 40
pum diameter device under 20 mA (CW). Figure 46b) illustrates the current
voltage characteristics of a porous and non-porous device, where a slightly
increase of the series resistance for the porous device is observed (from 181Q to
218Q2). Figure 46¢) illustrates the SEM cross section image of a porous device.
As it was expected the porosity of the cladding layer is lower than the optically
simulated device, as the voltage bias was reduced. Figure 47 shows the EL
spectrum as a function of the injection current for both devices. Unfortunately,
no clear difference appears between them. Both samples are strongly affected by
the QCSE, the blue shifting can be seen in Figure 47c). It can be observed that
the sample with porous cladding is slightly less affected by QCSE, this can be
due to strain relaxation obtained by the porous cladding layer. However, as the
current increases to 60mA the intensity of the porous sample does no longer
increase, in fact a wavelength shifting and a change in the FWHM may indicate
the presence of heating issues.

63



a)

=)

SN
o
o

Porous
| —— Non-Porous

w »
o o
T
L

Current (mA)
N
o

0 1 N " N
0 1 2 3 4 5 6

Figure 46: a) Emission image of a 40um rod. b) Current Voltage characteristics of a 40um rod. c)
Cross section SEM image from a 40 um rod.
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Although the porous cladding offers a good electrical injection, the refractive
index difference is not as high as expected. A further increase on the bias voltage
could increase the refractive index difference. However, the trade-off between
high porosity and high series resistance is an inherent characteristic of porous
GaN. In order to achieve lasing, 1-D photonic crystals (i.e. DBRs) could be used
to generate feedback.

4.4 Simulation of InGaN/GaN active region using SILENSE

SILENSE 6.4 simulation package is a powerful software for simulating the band
diagram, carrier concentration and emission wavelength of Ill-nitride based
emitters. The computation is carried out using a 1-D drift-diffusion model, which
Is based on the self-consistent solution of the Poisson and fermi-Dirac equations
in the heterostructure of an LED/LD [33].

A study on optimising the number of MQWSs in microLEDs has been carried out.
Figure 48a) provides a schematic illustration for a simulated Ill-nitride LEDs.
The structure comprises a 500 nm GaN layer, followed by 30 pairs
INoosGapgsN/GaN (2.5 nm/4.5 nm) superlattice acting as a strain management
layer and then Ing2sGag72N/GaN (2.5 nm/13 nm) MQWSs as an emitting region
which gives an emission wavelength of 525nm. Finally, a 20nm Aly2GaosN
electron blocking layer (EBL) and then a 150nm p-GaN form the top side of the
structure.

Figure 48b) illustrates the simulated band structure of such a LED structure a
under a bias of 4.5V. The present study is carried out as a function of the number
of InGaN/GaN MQWs.

Figure 48c) shows the electron and hole carrier concentration for such a device
with 7 MQW as an active region, exhibiting clearly that the hole concentration is
dramatically reduced from the p-side to the n-side. By examining the data
carefully, it has been observed that only the last quantum well which is close to
the p-type layer produce emission. This is due to inefficient hole injection that
limit the radiative recombination in the MQWs region [34]. In contrast, Figure
48d) illustrates the profile of the carrier concentration for a 3MQW structure,
indicating the hole concentration is three orders of magnitude higher than the case
with 7 MQWs.
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Figure 48: a) Schematic of the simulated LED structure. b) Band diagram simulated at 4.5V. c¢) Electron
and hole distribution in a 7MQW device at 4.5V. d) Electron and hole distribution in a 3MQW device

at4.5V.

Figure 49a) shows the simulated influence of the number of MQWSs on emission
wavelength and emission intensity under optical and electrical pumping. In
general, optical pumping measurements show the PL intensity of InGaN/GaN
MQWs increases with increasing the number of InGaN/GaN MQWSs assuming
that there is no any extra structure. However, extra attention will have to be paid
to design an electrically injected LED structure. The inset in Figure 49 (b) shows
that the EL emission intensity for a LED with 7MQWs is two orders of magnitude
lower than that of the LED with 3MQWs under 4.5 forward bias. This is due to
the much less efficiency of hole injection as a result of the intrinsically high p-
type activation energy and the intrinsically low mobility of p-type GaN in

comparison to n-GaN.
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Figure 49: a) Simulated PL emission b) Simulated EL emission.

4.5 Conclusion

In summary, this chapter presents the development, advantages, limitations and
potential applications of microdisk lasers. A methodical study of the thickness of
the microdisk and its effects on the WGMs quality factor is conducted through
FDTD simulations. Then, an alternative to the conventional pedestal approach is
based on nanoporous GaN is presented. Finally, a study based on SiLENSE of
the number of MQWs in I11-nitride devices is carried out, the result showed fewer
MQWs lead to a more efficient injection for lasers.
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Chapter 5: Enabling emission stability to

microLED arrays by using microcavity effects

Intrinsic polarisation determines all the fundamental properties of Ill-nitride
semiconductors. The intrinsic polarisation of Ill-nitride leads to piezoelectric
fields induced by strain across the active region, which normally is InGaN/GaN
guantum wells for IlI-nitride visible emitters. As described in Chapter 2, QCSE
shifts the electron-hole wavefunction apart as the injection current increases, thus
decreasing the quantum efficiency [1-4]. Phenomenally, QCSE causes a blue shift
in emission wavelength. The RGB integration of microLEDs is detrimentally
affected by the colour instability, specifically in microdisplays such as AR/VR,
which are typically utilized at the proximity to the eye. Therefore, any tiny colour
change can be sensitively identified (especially human eyes are most sensitive to
green) [5].

Chapter 5, presents the effect of QCSE on microLEDs arrays. First, a theoretical
reasoning is presented to achieve emission stability by means of microcavity
effects. Then, a study of nanoporous based DBRs is presented. Simulations and
measurements show the potential of n++GaN/GaN as a high reflectance structure.
The etching conditions were optimised in order to achieve high reflectivity and a
wide bandstop. Finally, an approach to epitaxially integrate green microLEDs
and form a microcavity is demonstrated. Hence, the coupling between the
microcavity mode and the microLED emission, lead to a negligible emission
wavelength shift with increasing injection current. In contrast, identical
microLEDs but without a microcavity show a large emission wavelength shift
from 560 nm down to 510 nm, measured under identical conditions. This
approach provides a simple solution to resolving the 30-year issue in the field of
[11-nitride optoelectronics.

5.1 Introduction
Since the 1990s the world of solid-state lighting (SSL) has been in constant
evolution. Ill-nitrides have raised as the ideal candidate to produce energy
efficient devices.

The next generation of displays require high density pixels in order to achieve
high resolution. Liquid Crystal Displays (LCD) are considered to be the
mainstream technology that has been dominating the display’s field for the last
two decades. However, the need for a back lighting, slow response, low efficiency
and low colour saturation lead into the need of a technological change. In 1997,
Organic Light Emitting Diodes (OLED) emerged as the candidate to replace

70



LCDs due to their pixel self-emissivity, wide viewing angle, high-contrast, and
faster response. MicroLEDs are called to become the next key-game changer
component of this new generation displays. In theory, microemitters can provide
higher brightness, improved contrast ratio, higher resolution and response time,
longer lifetime and wider viewing angles than LCD and OLED. Therefore,
MicroLEDs could potentially be used in a wide range of applications, ranging
from wearable devices [6], Visible Light Communications (VLC) [7], high
resolution big area displays and micro displays for virtual reality (VR) or
augmented reality (AR) [8]. Table 4 list the comparison of MicroLED, OLED
and LCD.

Table 4. Comparison between microLED, OLED and LCD technology.
Adapted with permission from [9]

Item MicroLED OLED LCD
Mechanism Self-emissive Self-emissive Backlighting and
colour filter
Luminance Max >10°nits Max <5x102 nits Max. 7 x10° nits
(full colour) (full colour) (full colour)
Contrast ratio >100000:1 >10000:1 5000:1
PPI Max. 30000 PPI Max. 1433 PPI Max. 806 PPI
Pixel size Min. submicron Min. 18um Min. 32 um
Compactness High Medium Low
Lifetime >100000 10000 30000-60000
Operation temperature -100° C-120°C -50°C-70°C -20° C -80°C
View angle Max. 180° Max. 89° Max. 89°
Response time ns s ms
Power consumption Low (in theory) Medium Medium
EQE 10%-30% (~80% in 10% - 40% 5% - 12%
theory)
Cost High Low Low

Despite all the advantages and potential applications, many challenges still
involving microLEDs. Some argue that the biggest challenges are mass transfer,
manufacturing of thin-film transistors (TFT) substrates to drive the circuit, and
the full colour RGB implementation [10]. Others consider that the main issue is
the efficiency, due to the low p-type conductivity related to the intrinsic properties
of GaN [11]. The standard fabrication of IlI-nitride microLEDs rely on standard
photolithography and dry etching processes. In order to minimize costs, the pixel
size must be decreased <5-10 um. However, as the pixel size is shrunken the
External Quantum Efficiency (EQE) is reduced. Due to their small footprint,
microLEDs are impacted by severe sidewall effects related to the formation of
defects during the dry etching processes, which act as a non-radiative
recombination centres, leading to a reduction on the optical performance [11].
Sidewall passivation with dielectric materials have been applied to reduce the
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damage after dry etching, but the improvement is marginal even when advanced
techniques such as atomic layer deposition (ALD) is used [12].

There is an absence of reports for microLEDs <5 um. The reported EQE was
limited to 1-5%, meaning that those microLEDs could not offer better efficiency
than OLEDs. To overcome the mentioned challenge, another epitaxial approach
was presented in 2019 by our group. In that work, the authors presented a novel
selective overgrowth method to create sidewall damage free microLEDs. Our
method relies on formation of micro-hole pattern on a dielectric material
deposited on a previously GaN grown wafer (termed template). Then, the
template is placed into the MOVPE, where the microLEDs grow inside the hole.
The dimension, the pixel location, the interpitch and the shape are fully controlled.
Thus, microLEDs with 3.6 pum diameter and 2 um interpitch achieved 9% EQE
at 500 nm [13].

As described in Chapter 2, one of the main challenges of IllI-nitrides is their
intrinsic polarisation which leads to piezoelectric fields induced by the strain on
the InGaN/GaN MQWs. The most noticeable effect of QCSE is the emission
wavelength shift caused under increasing current. Figure 50 illustrates the blue
shifting on microLEDs arrays, exhibiting that it emits yellow at 2mA, but green
when the injection current rises to SmA.

Figure 50: Blue shifting on InGaN microLED under increasing current, demonstrating a clear colour
change. Reproduced with permission from ACS Photonics 2022, 9, 6, 2073-2078.
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5.2 Experimental

5.2.1 Enabling mode stability with microcavity effects

As introduced in Chapter 2, microcavities are optical resonators close to or below
the dimension of the wavelength of light, normally formed when a spacer layer is
placed between two reflectors. The mode wavelength of a FP cavity is determined
by both the cavity length and the refractive index, given by:

2nL = mA (31)

Where L is the cavity length, m is the order of modes in the cavity and n is the
refractive index [14]. From equation 31, we can see that the mode wavelength
will be determined by the refractive index for a fixed cavity length. However, it
is well known that in most cases, the refractive index decreases linearly as a
function of the free carrier density, expressed by:

e 2mn,q*?
° \n,m*w? (32)

Where n, is the refractive index when the free carrier density is zero, m* and ®
are the effective mass of carriers and the frequency of emission, respectively, n,
Is the free carrier density, and q is the electron charge [15]. Considering an InGaN
based device emitting at 520 nm, m*=0.2m, (M, is free electron mass) and n,=2.5,
Equation 32 can be redefined to:

An =n—n, = —53 X 107%2n, (33)

Figure 51 illustrates the effect of the carrier density in the mode wavelength,
where the cavity length is assumed to be 850nm, n,=2.44 and m=8. As can be
seen, the impact of the injection carrier is ideally negligible, the shifting could be
around 1nm when the carrier density reaches the transparency density for reported
pulsed LDs ~10*%/cm® [16,17].
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Figure 51:Calculated mode wavelength shifting due to free carrier density. Calculation based on Eq.32,
assuming L=850nm, n,=2.44 and m=8.

Theoretically, the mode resonance wavelength of the cavity would not be affected
under high injection current conditions. Therefore, if the coupling between an
LED emission and a cavity mode is possible, the shifting on the emission
wavelength produced by QCSE would be reduced.

5.2.2 Nanoporous GaN based Distributed Bragg Reflectors
Chapter 2 described the potential of porous GaN to form lattice-matched
Distributed Bragg Reflectors (DBRsS).

3D-FDTD simulations were used to estimate the number of pairs needed to form
a high reflectance DBR. Thus, a stack of materials with different refractive index
was formed. The refractive index used for the u-GaN (before porous) was
extracted from [18]. The nanoporous layer (after etching) refractive index was
taken from [18], where VAT is used to estimate the effective refractive index for

a known porosity (see Chapter 2). The thickness of each layer Was% in order to

maximise the Bragg reflection. An incident plane wave source with a centre
wavelength of 550nm and 300nm span injected the electric field from above the
surface of the DBR. Frequency monitors were used to record the reflected field
from the stack. The simulation run for 5000fs, periodic boundary conditions were
assumed in the X-Y direction and perfect matched layers (PML) on the Z axis.

Figure 52a) shows that a stack of 11 pairs could produce a high reflectance (99%)
with a 100nm FWHM band. Figure 52b) illustrates the change of FWHM due to
the refractive index of the porous layer. Thus, a high reflectance DBR with a
centre wavelength of 520nm and 120nm FWHM was expected.
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Figure 52:Peak reflectance and number of pairs (a), effect of the porous refractive index on the DBR
FWHM.

Once the number of pairs was decided, an epi wafer was grown on c-plane
sapphire by means of MOVPE (Aixtron 3x2” flip-top CCS reactor). The
thickness of each layer was controlled using real time monitoring. The doping of
the n++GaN was tuned with Si,Hs flow rate, which acts as a precursor for Si
doping. The doping was reported to be ~ 5x 10'° cm~3[19].

The epiwafer was cleaved to form a rectangular shape of 2 cm x 4 cm. An indium
contact was placed at the edge of the sample to form the anode path. After that,
the sample was immersed into the electrolyte (0.3M-HNO3), as described in
Chapter 2. The sample was etched for 30min at a constant voltage bias of 6V. As
described in previously, the porosification process is conductive-selective, only
the n++ layers will be etched, forming nanoporous GaN. During the EC process,
the acid flows through dislocations, forming vertical etching pathways where
each layer is etched sequentially from top to bottom, forming subsurface pores.
Figure 53, shows the microscope view of a DBR sample etched under different
voltages. Under low voltage conditions (bias <5V), no porous formation was
observed, as the energy bands are not bend enough to allow tunnelling from holes.
As the voltage is increased, the band-bending produces holes to penetrate from
the electrolyte-semiconductor interface. Figure 53a) illustrates the porous path
formation through defects and pits, where the green dots correspond to the top
layers being porosified. Furthermore, it is possible to observe that uniform
porosification occurs at the edge of the sample. Figure 53b) shows that as the
voltage is further increased to 6V, the porous layer starts to merge. However, as
the voltage increased to 7V, surface cracks appeared at some specific points
(Figure 53c)), a further increase to 8V causes the lift-off of the top layer, as can
be seen in Figure 53d).
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Figure 53: Samples etched in 0.3M HNO; electrolyte during 30 minutes under different bias.

The inherent trade-off exist between bias and sample cracking plays an important
role in nanopores formation. Therefore, the voltage was reduced to and the
etching time increased. Figure 54 shows the cross-section view of a porous DBR
etched with 6V during 1 hour. The thickness of the NP layer and u-GaN layer are
90nm and 40nm respectively.

Figure 54: Cross section image of a porous DBR etched with 6V bias during one hour. Inset shows the
thickness of the NP-GaN/u-GaN layers.
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Reflectance measurements of DBRs were carried out using the micro-EL setup
described in Chapter 3. An unpolarised light lamp that covers a wide spectral
range (UV-IR) was used as a source. An aluminium reflectance standard (STAN-
SSH) was used to know the peak reflectance. Figure 55, shows the measured and
simulated reflectance of the DBR, where a good agreement between them can be
observed. The DBR exhibits a central wavelength at 520, with a high reflectivity
~99% and a broad stop band of 122nm.
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Figure 55: Measured and simulated (FDTD) reflectance of a porous DBR.

Once the DBR growth and etching conditions were totally optimised to provide
high reflectance at the desired wavelength, microLEDs were formed by means of
the selective overgrowth method described in the previous section. In order to
achieve coupling, the emission of the MQWSs must spectrally overlap the centre
wavelength of the DBR. The LED structure is standard, starting with a thin n-
type GaN layer and then an Ing0sGaNo ¢5/GaN superlattice structure, followed by
5 periods of green Ing27GaNg73/GaN MQWs (InGaN quantum well: 2.5 nm and
GaN barrier: 13.5 nm) as an emitting region, then a 20 nm p-type Alg2GaosN
electron blocking layer and a final 200 nm p-type GaN. The total thickness of the
overgrown layers is ~550 nm, which is levelled with the SiO, masks. A 300 nm
n-GaN layer was grown between the DBR and the microemitter to allow n-
contact formation. Figure 56a) represents the final growth structure.
Photoluminesce measurements were carried out around the 2-inch wafer by
means of the standard PL setup described in Chapter 3. Figure 56b) illustrates the
PL at different wafer locations, the shifting in wavelength is attributed to be a
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consequence of temperature instability during the growth, the different peaks
correspond to interference fringes produced due to GaN-Air interface. The centre
emission wavelength is around 525 nm, with a FWHM of 45 nm, which overlaps
with the measured reflectance of the porous DBR. Therefore, coupling between
the MQW emission and an optical mode could be allowed.

The samples were EC etched in a 0.3M HNO3 electrolyte at a constant 6V bias
voltage. Figure 56¢) illustrates a cross-section view SEM image of the
nanoporous microcavity, where the thickness of the total microcavity is 850 nm.
The inset illustrates the top view SEM image of the high density microLED array.
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Figure 56:a) Representation of the overgrowth emitters. b) Photoluminescence of the grown micro-
emitters. ¢) Cross section SEM image of the uLED with porous DBR, inset shows the top view of the
array. Reprinted with permission from ACS Photonics 2022, 9, 6, 2073-2078. Copyright 2022
American Chemical Society.
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Standard device fabrication has been performed on both the microLED sample
with the EC etching process (meaning with DBR) and the microLED sample
without the EC etching (meaning without DBR) in the same batch. First a p-
activation in a N, ambient at 650°C for 15 minutes took place. Then, 330x330
pum and 150x150 pum mesas were etched through the microLED template by ICP.
A Ti/Al/Ti/Au alloy was used as a n-contact, after deposition, the sample was
annealed in a N, ambient for 1 minute at 700°C. ITO (Indium Thin Oxide) was
chosen as a p-contact due to its high transparency. A room temperature deposition
of 100 nm took place in our Electron-beam. Finally, bondpads were deposited on
top of the current spreading layer to facilitate the electrical testing.

5.3 Results and discussion

5.3.1 Electrical and optical characteristics

The ITO annealing conditions were studied to enhance the |-V characteristics. E-
beam was used to deposit 100nm thick ITO at room temperature on sapphire
substrate. Rapid Thermal Annealing (RTA) was used in a mixed air configuration
(N2-O2) with different annealing profiles and temperatures. 4-point probe
measurements were carried out to decide which approach provides a lower
resistance. Table 5 summarises the Hall-effect results. Sample E, provides the
lower sheet resistance, which almost one order of magnitude smaller than the
sample without annealing. Therefore, the conditions of sample E were used.

Table 5 : ITO annealing conditions and 4-point probe measurements

Sample Thickness Post- 200°C Temperature Time Sheet
(nm) Annealing intermediate (°C) () Resistance

step (305s) (Q/sq)

A 100 No No No - 1742.6
B 100 Yes Yes 600 60 110.1
C 100 Yes No 600 60 162.34
D 100 Yes Yes 500 60 280.5
E 200 Yes Yes 600 60 100.2
F 200 Yes Yes 600 120 102.6
G 200 Yes Yes 550 60 129.5

After the devices were fabricated, electrical testing was performed on bare chips,
without any heat sink, no other additional processes were used to enhance the
extraction efficiency. The emission spectra were recorded using the pEL setup
described in Chapter 3. All the measurements were taken at room temperature
under the same conditions.
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Figure 57, illustrates the emission spectra under different injection currents of the
sample with and without DBR, the red dashed line represents the emission
shifting. It is possible to observe that for the microcavity based device the
emission wavelength has a stable main peak at around 525nm. In remarkable
contrast, the sample without DBR, starts to emit yellow light under low current
Injection. After that, it shows a clear blue shifting due to the QCSE. As explained
in Chapter 2, the piezoelectric field in the InGaN/GaN MQWs grown on c-plane
tilt the band structure, causing a first a red shift on the emission wavelength.
However, under injection current the carrier gather at the heterostructure interface
screening the electric field, which leads to a blue shifted emission.
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Figure 57: Emission spectra of the device with porous DBR (a) and without DBR (b). Reprinted with
permission from ACS Photonics 2022, 9, 6, 2073-2078. Copyright 2022 American Chemical Society.

Figure 57a), illustrates that at 40mA the microcavity based device has a little
shoulder at around 480 nm, which is believed to be a second mode, giving a
potential FSR of 45 nm. In fact, this has been demonstrated later in this chapter.
The mode-competition does not affect the dominance of the main mode at 525nm.
The FWHM and peak wavelength as a function of injected current is illustrated
in Figure 57. The spectral linewidth is reduced by almost by a factor of two due
to microcavity effects.
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Figure 58: Emission wavelength shifhting due to QCSE in standard (blue) and microcavity based device
(red). Inset illustres the FWHM reduction.

It can be observed that the sample without DBR suffers a peak shifting of 50nm
between 5mA to 60mA. Nevertheless, the microcavity based device shifts only
3nm. In section 5.2.1 we assumed that the mode wavelength should not affected
by the injected carriers. The slight mode shifting can be described because of the
bias current as follows: the chip temperature rising modifies the effective
refractive index of the cavity, altering the effective cavity length and thus the
cavity resonance wavelength [19].

Figure 59, exemplifies how the consequence of the QCSE has been partially
mitigated for the microcavity based device, allowing colour emission stability
under increasing current injection. While the standard microLED evolves initially
from yellow at 5 mA, through yellow/greenish at 10 mA, then pure green at 20
mA, and finally to green/blueish at 60 mA. Therefore, the microcavity device
partially mitigates the widely studied issue of blue shifting on IlI-nitrides.
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Figure 59: Emission image of the device with (top) and without DBR (bottom). Reprinted with
permission from ACS Photonics 2022, 9, 6, 2073-2078. Copyright 2022 American Chemical Society.

It is important to clarify, that although there is no top DBR, the Air-GaN
interference acts a reflector which has a 20% reflectance, leading to a microcavity
formation [20-21]. In order to verify the existence of modes, 3-D FDTD
simulations have been performed. The geometrical data of our devices were taken
from the cross-section view image shown in Figure 56¢). In a similar way as
described previously, a plane-wave was used as an excitation source. However,
in this case, time-monitors were added through the microcavity region to record
the decay slope in the electric field, which is used to determine the wavelength of
the resonant modes. Figure 60a), illustrates the simulated cavity modes, where a
dominant mode appears at 526 nm and second mode is at 480 nm. As stated in
Section 5.2.1, the cavity mode is not greatly affected by the refractive index
change due to free carriers, this fact is demonstrated in Figure 60b). The free
spectral range of the measured spectrum is 46 nm, which in principle does not
match with a physical cavity thickness of 850 nm. However, as it is explained in
Chapter 2, the effective cavity length is affected by the penetration depth of the
field into the DBR structure. Figure 60c) illustrates the effective cavity length and
the electric field for two different wavelengths (in/out) resonance.
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Unfortunately, the formation of the porous DBR lead into a higher device
resistance, therefore the 1V characteristics are poor while compared to the un-
etched device, as shown in Figure 61a). This can be explained due to parasitic
etching of the n-GaN placed above the DBR occurring during the porous
formation. Parasitic etching during the EC process is a matter of concern by
different authors [22-23]. Figure 61Db), illustrates how the damage can also affect
the superlattice layers of the microLEDSs, which definitely will have detrimental
effects on its performance. Next chapter will discuss etching optimisation to
improve the unintentional etching.
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ITO as a P-contact. b) Cross section SEM image showing the parasitic etching on the microemitter
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5.4 Conclusion

In summary, this chapter presents the design, fabrication and performance
characterisation of microcavity based Ill-nitride microLEDs. By means of
selective overgrowth on a patterned substrate, sidewall defect-free microLEDs
with 3.6 um diameter were formed. An array of few thousands microemitters
were driven under difference injection current conditions. The peak emission
wavelength of the unetched devices shows a shifting of almost 50 nm from 5 mA
to 60mA. While the microcavity based device only shifts 3nm under the same
current conditions, due to the coupling of the emission LED and an optical mode.
The proposed microcavity effect, partially mitigates the QCSE. Furthermore, the
spectral linewidth is reduced from 50nm to 25nm. Thus, this approach could
clearly benefit the fabrication of full colour micro displays.
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Chapter 6: Towards micro-Vertical Surface
Emitting Lasers (VCSELS) based on I11-nitride

selective overgrowth

GaAs or InP based VCSELs have been well developed in the last two decades
and have been widely commercialised. However, the development of Ill-nitride
VCSELs is still in an infant stage due to a number of technological challenges.
The necessity of top and bottom DBRs with approaching a reflectance of 100%
presents a major challenge due to the growth of Ill-nitride on a large lattice-
mismatched substrates. The early development of epitaxial DBR was based on
alternating layers of lattice-mismatched Al(Ga)N and GaN. Due to the large
lattice mismatch (~2.4%) between AIN and GaN tensile strain is generated,
potentially causing cracking. The small refractive index contrast between AIN
and GaN require a large number of pairs (~40) to achieve reasonably DBRs,
making the case even more challenging.

The lasing threshold for a VCSEL depends on the size of an aperture region open
on top of the device, which allow for injection current, typically a few
micrometres in diameter. A standard procedure for the fabrication of Ill-nitride
VCSEL involves tedious steps to form the current aperture by means of dry-
etching techniques, leading to sidewall damage and thus optical losses.
Furthermore, due to the nature of p-type GaN, there exists a current spreading
issue.

This chapter demonstrates a novel, patented approach to the fabrication of I1I-
nitride VCSELSs, which is achieved by developing a direct epitaxial method based
on selective epitaxial growth. Although lasing behaviour has not been confirmed
yet, microcavity effects have been observed under both optical or electrical

pumping.

6.1 Introduction

The research on GaN-based VCSELSs has faced a good progress during the last
decade, although the performance Il1-nitride VCSEL performance stills far away
from GaAs VCSELs. As described in Chapter 2, there exist several great
challenges associated with both device fabrication and epitaxial growth. In 1999,
Arakawa’s team at the University of Tokyo reported the first room-temperature
optically pumped GaN VCSEL emitting at 339 nm, where 43 pairs of
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AlGaN/GaN bottom DBR and 15 pairs ZRO,/SiO, based oxide top DBR were
used [1]. The optical threshold was estimated to be 43nJ/pulse.

The conventional fabrication of VCSEL, for example, GaAs-based VCSELSs,
employs a standard annular p-contact [2,3]. However, it is extremely difficult to
apply this method in the fabrication of IllI-nitride based VCSEL due to current
spreading problems as a result of the nature of p-type GaN.

In 2008 the first electrically pumped GaN-based VCSEL operated at 77K in CW
mode was reported [4]. Their device was based on a combination of an epitaxial
grown bottom DBR (AIN/GaN) and a dielectric top DBR (Ta,/SiO;) with a
current aperture in a diameter of 10 um. Lasing with a linewidth of 0.15 nm was
achieved with a current threshold of 1.8 K/cm? at 462.8 nm. Furthermore, high
spontaneous emission coupling (B) has been observed, which is three orders of
magnitude higher than that for a typic EEL. In 2010, the same research group
reported electrically pumped lasing at room temperature with a threshold current
density of 12.4 KA/cm?, although the lasing threshold was not impressive
compared to InGaN edge emitting lasers [5].

Nichia Ltd in Japan, one of the major Ill-nitride emitter suppliers reported the
first electrically VCSEL with dielectric top and bottom DBRs in 2008 [6]. Their
approach does not rely on the crystal quality of the microcavity on a single GaN
epilayer, as they removed the foreigner substrate by using a laser lift-off (LLO)
technique and then bonding to a Si substrate. In this case, the cracking issue could
be mitigated. Although, the LLO process presents challenges itself due to high
UV energy flux through the back side of GaN/Sapphire, such as thermal
decomposition of GaN into N, and Ga droplets, Nichia managed to successfully
develop VCSELSs with a lasing threshold of 13.9 KA/cm? emitting at 414 nm by
means of using an 8 um diameter current aperture, SiO,/Nb,Os DBRs and ITO as
a p-contact. In 2011, CW VCSELs at 451 nm and pulsed VCSEL at 503 nm
operation have been achieved with a lasing current threshold of 3 KA/cm? and 28
kA/cm?, respectively [7]. The dramatical increase in threshold current with
increasing emission wavelength was assumed to be due to QCSE.

Sony joined the development IlI-nitride VCSEL, reporting a room-temperature
CW green VCSEL grown on {20—21} semi-polar GaN [8]. Oxides have a low
thermal conductivity around 1 WmK, and thus the dielectric DBRs block the
heat out of the cavity. One approach to mitigating the issue would be to extend
the cavity length by using high thermal conductive GaN (130 WmK™). However,
if the length of a cavity is on a scale of 20-50 um, the diffraction losses increase
potentially preventing lasing operation. Sony’s approach used a curved surface
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mirror, creating a waveguide that eliminate diffraction loss and thus minimising
thermal resistance for GaN VCSELSs.

In 2008, the first optically pumped blue-green VCSEL was reported, where lasing
at 498.8 nm with a spectral linewidth of 0.15 nm was observed at room
temperature (RT) [9]. In 2016, continuous wave lasing with a low threshold of
0.61 mA at RT was achieved using quantum dots (QD) at 560.4 nm [10].

DBRs are the key component to form an optical cavity. However, the growth-
related challenges of Il1-nitride lattice-mismatched DBRs needs to be addressed.
The potential of porous GaN based DBRs has been presented in Chapter 2. During
the last decade, different groups focused their research on enhancing LED-Laser
characteristics by using porous GaN. In 2015, Seung-Min Lee et al. reported the
first optically pumped VCSEL based on top-bottom NP DBR leading to lasing at
410 nm and a low threshold density of 7-8 x 10° W/cm? [11]. Although their
approach to forming top porous DBR is valid for violet emission, it presents
challenges to reach longer wavelengths, as the temperature which is required
above 1000°C for the growth of top epitaxial DBR decompose InGaN MQWs
(In~27%-green). Therefore, most of the research groups adopt a hybrid epitaxial-
dielectric approach, namely, dielectric top DBRs and epitaxial bottom DBR.

In 2017, C. Zhang et al. presented the first electrically pumped blue-violet
resonant cavity light emitting diode (RC-LED), based on nanoporous DBR and
dielectric top DBR, emitting at 420 nm [12]. The linewidth emission of their
device was narrowed down from 20 nm to 2.5 nm. In 2019, S.M. Mishkat-UlI-
Masabih et al. reported the first electrically injected nonpolar m-plane VCSEL
using nanoporous (NP) bottom DBRs and SiO,/SiN dielectric top DBRs, where
20 pairs bottom NP-GaN DBRs with a 99.5% reflectance and 10 pairs of
Si0,/Ta,0s dielectric DBRs were used [13]. Lasing at 408.7 nm with a threshold
current of 20 KA/cm? was observed under a pulsed injection mode. In 2020 Chia-
feng Lin et al. reported an InGaN based RCLED with an embedded bottom NP-
GaN DBRs and top dielectric Ta,Os / SiO, DBRs, which also shows a stimulated
emission at 431.8 nm with a spectral linewidth of 0.7 nm under optical pumping
[14]. In the same year, R. T. EIAfandy et al. presented the first room-temperature
electrical pumping operation of c-plane GaN based VCSEL in a pulsed mode by
using conductive NP-GaN bottom DBRs and SiO,/HfO, top DBRs. The
measured threshold current was 42 KA/cm? at 434 nm [15].

Clearly, the formation of the current aperture presents some challenges, due to
anti-guiding effects and the etching down of a few nanometres of dielectric
material [16,17]. In order to overcome the challenges, this thesis develops a new
approach based on selective epitaxy. Figure 62 illustrates the schematic process
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flow, where a GaN layer is grown on top of an epitaxial grown DBR, after that,
SiO; is deposited, micro holes are patterned and etched down, then a subsequent
growth forms microemitters inside the holes, finally a current spreading layer and
a dielectric DBR is deposited. Thus, as the microemitter is selectively growth and
confined into the SiO,, anti-guiding effects could be avoided.

1. Growth of bottom 2. SiO2 deposition 3. Dry etching

DBR and n- GaN

4. Overgrowth of 5. CSL deposition 6. Top DBR deposition

micro-emitter

Figure 62: Concept of micro emitter growth on a micropatterned structure.

6.2 Experimental

6.2.1 Dielectric DBR deposition and refractive index tunning

The previous chapter described the development of high reflectance NP-GaN
DBRs on c-plane. In order to form a hybrid VCSEL, top dielectric DBRs must
also be optimised. It is necessary to optimise the deposition of dielectric materials
such as SiO; and SiN and number of pairs using PECVD, aiming to achieve >99%
reflectance. It is worth noting that the refractive indices of SiO,and SiN depends
on a number of parameters including the PECVD manufacturer and the recipe
used (i.e. temperature, gas ratio, pressure and power). Thus, it is critical to obtain
the refractive index and the deposition rate of our dielectric layers.

For optimisation purposes, dielectric films (SiO,-SiN) were deposited on a
sapphire or a silicon substrate by means of a Plasma-Therm 790 PECVD system.
The imaginary part of the refractive index which is related to the absorption loss
is considered to be negligible at 520 nm [18]. In both cases, SiO, or SiN is
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deposited at 300 °C. The optical properties of the dielectric film were
characterised using an ellipsometer system, measuring the spectroscopic scan is
taken at 60° and 65°. The experimental data was then compared to a model where
the dielectric layers are described as a Cauchy material.

Figure 63a) illustrates the measured spectroscopic spectrum which is compared
with the model. PSI (V) represents the change in polarisation described as an
amplitude ratio and Delta (A) is the phase difference. The dashed line represents
the calculated data from the model, a good agreement is obtained with an
MSE<10.

Figure 63b) shows the dispersion plot for the refractive index of SiO, and SiN as
a function of wavelength. The measured refractive index difference (An) is 0.47
at 520nm (nsio2=1.45, nsin=1.92), giving the stopband of the DBR to be estimated >
100 nm using Equation 13 provided in Chapter 2.
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Such a DBR structure with a stopband of 100 nm is large enough to spectrally
overlap InGaN microemitters whose FWHM is typically around 45 nm, as
demonstrated in Chapter 5. A study of the peak reflectivity of DBRs with centre
wavelength of 520 nm was carried out. The deposition of the oxide layer was
carried out at 900 mTorr, with RF power set to 25 W and a mixture of gasses
(SiH4, NHs, N;) with flow rates of 160, 900 and 240 sccm respectively.
Meanwhile, to obtain the nitride layer the flow rate of SiH4, NH3, N2 was slightly
modified to 100, 5 and 900 sccm. Thus, quarter lambda layers were deposited on
sapphire substrate, corresponding to an approximated thickness of 90 nm and 67
nm for the oxide and nitride layer respectively. FDTD simulations were carried
out in order to validate the experimental results.

Figure 64 demonstrates the peak reflectivity of a DBR as a function of the number
of pairs, showing that the reflectivity saturates once the number of pair exceeds
12.
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Figure 64:Peak reflectivity of a 520nm DBR as a function of the number of pairs.

After the top DBR was properly optimised, the fabrication process was carried
out as described in Figure 64. An initial run formed the GaN templates on
sapphire with 11 pairs of bottom n++GaN/u-GaN DBR, SiO, was deposited,
patterned and etched, to be used as a mask to form the micro emitter array (Figure
65a)). Then, the selective overgrowth took place to grow the microemitter inside
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the prepatterned hole, Figure 65b). After that, electrochemical etching was carried
out in order to form the porous DBR. Subsequently, standard device fabrication
was carried out (see Chapter 5). After p-activation, the MESA was etched to allow
n-contact formation (Ti/Al/Ti/Au) and ITO/Ni-Au was used as a current
spreading layer. Thick metal bondpads were deposited in order to carry out
electrical measurements, as shown in figure 65c). Finally, the top DBR was
deposited on top of the fabricated device, and window openings were etched
through the DBR to allow the electrical path. Thus, the sample is repatterned and
ICP dry etching technique is used to etch the DBR from the bondpads, Figure
65e).

Figure 65: a) Deposition and formation of microholes through PECVD and ICP etching. b) Overgrowth
of microemitters into the prepatterned phole. ¢) Standard device with uLED and DBR. d) Dielectric
DBR deposition. €) Opening of windows through the DBR to reach the bondpads.
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6.2.2 Modelling of a hybrid dielectric-nanoporous based VCSEL

In order to confirm the potential existence of cavity modes in our micro-emitters
achieved by selective epitaxy approach on micro-patterned templates, a 3D
FDTD simulation has been carried out. The refractive index of NP-GaN
sensitively depends on porosity, which can be accurately characterised by using
a cross-section SEM image, where a binary image formed from the cross-section
SEM was used to determine the porosity. A good agreement has been obtained
between simulation and measurements, which can be confirmed as Figure 66
shows the agreement between simulated and measured reflectance of the NP-GaN
based DBR. The extracted refractive index for the porous layer is 1.92.
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Figure 66: SEM image processing to estimate the refractive index on porous GaN.

A full microcavity was then simulated by adding the top dielectric DBR which
consists of 12 lambda quarter pairs of SiO, and SiN. In order to determine the
cavity resonances, time monitors were placed in the micro-emitter area. For the
details, please refer to the procedure stated in Section 5.3.1.
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Figure 67a) illustrates the simulated reflectivity spectrum of such a hybrid
microcavity, showing spectral dips corresponding to the cavity modes. In order
to study the fields inside the cavity, a linear monitor was placed in the Z axis to
record the field at the chosen wavelength of 540 nm. The electric field distribution
inside the cavity and the refractive index can be seen in Figure 67b), where the
MQW and the ITO have been placed at an antinode and node of the electric field
to maximise the confinement factor and minimise the absorption losses
respectively. The free-spectral range of the cavity modes is 42nm, which agrees

with the estimated FSR ~ (%) ,considering A = 520nm, L,¢r=1300nm and
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Figure 67: a) Simulated reflectance of the microcavity. b)Electric Field (Ez) at the mode wavelength
(540nm).

The presented simulations demonstrate the existence of cavity modes at the given
green emission wavelength. Therefore, coupling between the modes and the
MQW could lead into microcavity effects.
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6.2.3 Current voltage characteristics optimisation

6.2.3.1 Nanoporous Etching optimisation conditions

The last part of chapter 5 introduced a drawback of the EC etching, where the
microemitters and the n-GaN layer beneath of it, were unintentionally porosified,
leading into a high differential resistance. In order to maximise the injection of
carriers into the active region, to increase the chances of lasing, the I-V curve
need to be optimised. Furthermore, it has been observed that although the sample
appears to be etched under the microscope, some areas are highly ununiform.
Figure 68, illustrates the SEM cross section view of a microemitter with a porous
DBR, where only 6 pairs are porosified successfully. Thus, based in the
simulation presented in Chapter 5, the reflectance in this area could be reduced
to 85%, which would have a negative impact in the lasing threshold.
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Figure 68: SEM image of a microemitter with ununiform porous DBR.

In order to achieve a uniform etching, a lateral EC etching approach via opening
trenches was adopted. This was achieved by depositing a 500 nm SiO, layer at
the surface by means of PECVD. Trenches with 100 um width and 1 mm pitch
were patterned and successively etched by standard photolithography techniques
and inductive coupled plasma (ICP) etching. The electrochemical etching was
carried out using the same approach described in Chapter 5. However, in this case
a study on the acid concentration and etching voltage was implemented.
Reflectivity and SEM characterisation were used to find the best etching
conditions.



As it was explained in previous chapters, a high reflectance (>99%) is critical for
VCSEL devices. However, an inherent trade-off between FWHM (related to
etching voltage) and n-GaN parasitic etching damage exist in our samples. The
EC etching voltage was reduced from 6V to 4V, to minimise the etching on the
n-GaN while the nitric solution concentration was increased to 1M. The laterally
etched sample relies on trench openings, from now referred as a sample A. The
vertically etched sample is etched directly and is referred as sample B. An epi-
wafer was grown using the same approach explained in Chapter 5, were a 11pairs
n++GaN/u-GaN is formed above a thick GaN layer, previously grown on
sapphire by means of a MOVPE. In addition, another wafer was grown with an
extra 300nm n-GaN on top of the DBR to verify the existence of parasitic etching.
Figure 69 shows an optical microscope image of the surface of both samples.
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Figure 69: a) Microscope view of a sample etched during 1h (left) and 2h (right) at 4V. b) Microscope
view of a sample etched with a lateral approach.

The major difference between vertical EC etching and lateral EC etching has been
observed. Thus, sample A shows a circular etching pattern where the EC process
is conducted through V-pits, which are formed from screw and mixed type
dislocations. In this mechanism, such defects form nanopipes as channels to allow
the electrolyte to access the doped layers. Therefore, etching behaves along the
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vertical direction through layer by layer sequentially from the top. In contrast,
sample B is etched perpendicular to the trench lines. Figure 70 shows the cross-
section images of a DBR etched along the vertical direction and the lateral
direction, respectively, demonstrating the major advantages of EC etching along
the lateral direction, namely, much more uniformly distributed porosities formed
along the lateral direction than those formed along the vertical direction.
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Figure 70: Cross section SEM image of a vertical (a) and lateral (b) etching with 300nm n-GaN on top.

The reflectance was measured on the DBRs formed along the different directions
at normal incidence using the micro-EL setup described in Chapter 3. Figure 71,
shows that the DBR formed along the lateral direction (Sample A) exhibits a
minimum stopband of 98 nm, meanwhile for the vertically etched DBR (sample
B) the minimum stopband is 90 nm, this fact is related to the higher porosity
achieved through the lateral etching. It is worth noting that the DBR formed along
the vertical direction presents a shift in wavelength from 520 nm originally
desired, especially for the top part which has a centre wavelength of 563 nm. The
FWHM has been slightly reduced from 120 nm to 94 nm, compared to the DBR
presented in Chapter 5, mainly due to a lower bias voltage.
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Figure 71: a) Image of Sample A (Lateral etching) and sample B (defect-etching), where the number
indicates the position where the reflectivity was measured. b) Measured reflectivity in Sample A and
sample B

The effect of the nitric solution concentration on the DBR characteristics has been
also studied on another set of samples. Thus, in order to measure the difference
in peak reflectance, the same etching bias (4V) and different electrolyte molar
fraction were applied to different pieces of the same wafer. Figure 72 illustrates
the reflectance measurements of two different samples, with a dielectric DBR as
a reference. It can be observed that the centre wavelength of the DBR can be
tuned by changing the acid concentration which leads to the porosities with
different diameters.
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Figure 72: a) Reflectance of DBR under different acid concetration, dielectric DBR added as a
reference. b) Microscope image of the same sample etched under different electrolyte conditions.

The ripple on the pass band is assumed to be related to the SiO; interference.
Figure 72b) illustrates the microscope and CSV images of studied samples.
Clearly, another trade-off appears between etching rate and the acid concentration,
the etching rate was measured to be 1.25 um/min and 0.83 pum/min for the 3M
and 1M electrolytes. Etching on pure acid resulted in the highest etching rate
~2.46 um/min, however the DBR layers were completely cracked, giving place
to lift off.

Lateral porous formation has been reported by other groups since 2010 [20-23].
However, the etched area has been always kept to a few hundreds of micrometres.
In this work a 1mm etched has been achieved by EC etching during 11h, which
is the larger reported as per our knowledge. Figure 73a) shows the measured
reflectance at different areas of an etched quarter wafer. Figure 73b) shows a
microscope image of the etched sample. In order to check the continuity of the
process, the etching was stopped multiple times, the observed lines correspond to
changes in porosity due to process stoppage.
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Figure 73: a) Measured reflectance taken at three different points. b) Optical image of a sample
etched 1mm.

One of the concerns of NP-GaN based devices is the porosity distribution
randomness. However, as shown in the cross-section SEM image (Figure 70), the
lateral etching approach led to a more uniform porous distribution, which also is
proved with the reflectance spectrum around the quarter wafer, shown in Figure
73a). Therefore, a potentially uniform wafer-scale approach formation could be
feasible. Thus, the remaining half wafer was etched under the same conditions
(4V bias — 1M electrolyte) during 18h. Unfortunately, the porosification process
seems to be drastically slowed down, and finally stopped, leaving a 380 um gap
unetched between trenches (Figure 74). The main reason seems to be a limiting
factor in the kinetics of the reaction due to the relation size ratio between the
sample and the Pt pad (2cm x 2cm) [23]. In principle the surface area of the
counter electrode should be must larger than the working electrode.

Figure 74: Picture of the etched half 2" wafer (left) and its optical image (right).
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The new etching conditions (4V - 1M) could lead to less parasitic etching into the
microemitter and the n-GaN layer above the DBR. Thus, improving the injection
of carrier into the active region. In order to prove this fact, two pieces of the same
wafer used in Chapter 5 (containing microemitters) were EC etched. Sample A
corresponds to vertical etching using 6V and 0.3M HNO3, while Sample B is the
sample etched at 4V bias and 1M HNOs electrolyte. Figure 75a) and Figure 75b)
illustrate the cross-section SEM image of a microemitter etched with old and new
conditions, where the microemitter in the lateral etched sample seems to be less
damaged. Finally, standard LED fabrication process was carried out to quantise
the device resistance improvement. However, in order to increase the current
density of each microemitter, the size of the MESA has been reduced to 80 x 80
pmand 100 pm x 100 pum. Itis well known that I11-nitrides performance is limited
by the poor ohmic contact at the metal/GaN interface. Semi-transparent ITO and
thin Ni/Au layers are normally used as a p-contact. In terms of transparency, ITO
seems a better option. However, Ni/Au forms a better Ohmic contact on p-GaN.
Therefore, aiming for a enhanced electrical characteristics a thin layer of 10 nm -
10 nm Ni/Au was used as a p-contact.

Figure 76 illustrates the current voltage characteristics improvement due to the
optimised EC etching conditions. The corresponding total resistance based on the
I-V plot is 198 Q for the unetched device (without DBR). Meanwhile, the device
vertically etched under 6V presents a high resistance ranging from 3.3 KQ to
666€2, proving the non-uniformity of the vertical porous formation. The
resistance of the device with optimised conditions is 248Q. Thus, the overall
performance of the device could greatly be enhanced.
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Figure 75:a) Cross section view of a sample vertically etched at 6V - 0.3M for 1h, where 5 pairs of n-
GaN still unetched. b) Lateral etched sample at 4V-1M for 12h.
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Figure 76: 1-V characteristics of devices with old etching conditions and the optimised etching
conditions.
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6.3 Results and discussion

6.3.1 Electrical and optical characteristics

The overgrowth VCSELs were characterised first under photoluminesce
excitation. Thus, power-dependant PL measurements were performed to
Investigate microcavity effects. The measurements were carried out by means of
a commercial confocal microscopy (described in Chapter 3), allowing excitation
of single microemitter devices. Figure 77, illustrates the normalised emission
from the same sample measured at different stages of the fabrication, where as-
grown refers to the sample without any DBR, and porous and top and bottom
DBR refer to the sample with a bottom and top and bottom DBR respectively. As,
it was expected the deposition of the top DBR produces stronger cavity modes, a
sharp peak appeared at 547 nm with a linewidth of 4 nm. Furthermore, the other
lower peaks appear in the emission spectra.
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Figure 77: Normalised confocal PL of the sample without DBR (green), with porous DBR (red) and
with porous-dielectric DBR.

In other to prove that the observed peaks are modes and the presence of lasing,
power dependant PL was carried out. Figure 78 displays power-dependant PL
spectra with an excitation power from 0.25 mW to 1.5 mW. It can be observed
that as the power increases a possible mode located at 547nm dominates the
emission. However, no clear reduction of the FWHM or an abrupt change on the
integrated intensity has been observed, therefore lasing it is not achieved. The
spectrum shows another mode at 506nm, the spacing between modes matched
well with the simulation presented in the last section. However, other possible
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modes appeared with a spacing of 10nm, which does not match with the expected
FP. In order to verify the experimental results, a complex study of the modes was
carried out in a 3D-FDTD simulation.
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Figure 78: Power dependant PL of a microemitter with porous and dielectric DBR.

In order to find any possible kind of resonance (FP or WGM), electric dipoles
were placed around the active region of the microemitter. Time monitors were
located the periphery and the centre of the cavity region, which are the areas that
can have strong field interactions. To reduce the memory requirements the cavity
was defined with a single layer acting as active region, instead of individual
MQWs. Figure 79 illustrates the normalised confocal data and the simulated
spectral distribution. The free spectral range between the observed peaks is within
the range of the FP spacing obtained in the simulations. The position of the
spectral peaks is shifted due to inaccuracies in the modelling.
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Figure 79: Normalised confocal PL. Simulated WGM (red) and FP (bottom) modes.

Electroluminescence properties were studied by using the HEL setup described in
Chapter 3. Standard LED fabrication was carried out, including EC etching,
dielectric DBR deposition, window opening and using ITO/Ni-Au as a p-contact.
Thus, two samples were studied: one without any DBR (sample A) and the other
with top and bottom DBR (sample B). The samples were electrically driven under
CW regime with electrical probes and a Keithley SMU used as a source. Figure
80a) illustrates the emission image of the device with two DBRs under 20 mA,
current crowding can be observed, where light is not uniformly spread across the
current spreading layer. After repeating the process, it was assumed that the long
DBR PECVD deposition of 12 pairs SiO,/SiN at 300 °C damaged the ITO. The
same issue was encountered while using Ni/Au. In fact, later in this chapter the
use of ICPCVD to achieve a non-damaged current spreading layer is discussed.
Although the ITO is damaged, it is possible to observe some highly bright
microemitters near the p-bondpad. As the current is not spreading uniformly, a
huge current density must be pumping the MQWs of the microemitters. Therefore,
the light was collected from those bright spot areas using a high magnification
lens. Figure 80b) shows the EL spectra as a function of injection current of the
sample A, where interference fringes due to the large refractive index contrast of
Sapphire-GaN-air are observed. While Figure 80c) illustrates the spectra of the
sample B, where a clear main mode at 540 nm is observable. As the current
Increases, a ‘shoulder’ appears at 509 nm. The spectral spacing between the two
peaks is ~31nm, which is slightly smaller than the simulated FSR presented in
the previous section. The inexistence of lasing is assumed to be related with the
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mode-competition between these two modes. Figure 80d), illustrates the current
stability due to the microcavity effects. The emission wavelength shifting on
sample A is 20 nm, attributed to be a consequence of the QCSE. Sample B
shifting is less than 1 nm. The inset in figure 80d), illustrates the narrowing in
FWHM caused by resonant cavity effects. The linewidth of sample B has been
reduced by a factor of 5 compared with sample A.

a)
T T d T T -l L] 0 1 L Ll ® I.-
b) 10mA C) 10mAH d) e’ 558
——— 20mA 1 —— 20mA e °
30mA 30mA -Ec- .
i ——40mA | — 40mA z
50mA ] 50mA|1 = T 20 4 550
——B60mA — 60mA _—
= —— 70mAN —— 70mA 0® e e ee e E
..E.. I | . 10 ﬂnczl:m-:;ot t;oh'SD T :
2T ) - 4545 ¢
Ia . -a
5 A
£ ¢ E
= L - w
- - ® ® & ° 4540
® ©
L - - ] [ ]
@ o
B h + @ With2DBRs 535
® Without DBR ¢
[ [ [ ] [ ] L [ 530
400 500 600 700400 500 600 700 10 20 30 40 50 60 70
A(nm) A(nm) Current (mA)

Figure 80: a) Emission image of a sample with top-bottom DBR under 20mA. b) Emission spectra of
the sample without DBR. ¢) Emission spectra of the sample with top-bottom DBR. d) Peak emission and
FWHM (inset) as a function of injected current.

In order to study the existence of modes and achieve lasing, more devices were
fabricated using another piece from the same wafer. Figure 81a) illustrates the EL
spectra of a second fabrication run, where the issue with ITO spreading layer was
not yet solved. However, once again a narrow emission peak appeared, in this
case at 530 nm. Furthermore, another two possible modes appeared at 495 nm
and 577 nm. The FWHM of the sample with top-bottom DBR was as narrow as
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5.5nm at 25 mA. However, as the current increased, the emission became broader,
at 65 mA a reduction in the intensity is observable, this is assumed to be related
with heating issues due to the dielectric DBR. Figure 81b) shows the normalised
reflectance of the top-bottom DBR emitting device and its emission spectra at
25mA. The reflectance shows cavity mode dips that spectrally match with the
emission of the device, which is one of the fingerprints of microcavity effects
[24-26].

a) L] T L B_D L
LY —y—"y | = :3
7000 3SmA S7s
45mA . Z 70
__ 6000 —S5MA | Ees
3 65mA 6.0
< 5000 ' | 550«
) i | 20 30 40 50 B0 70
‘o | Current (mA)
£ 4000 | '
& |
= |
= 3000 f
2000 |
1000 |

0

350 400 450 500 550 600 650 700 750

Wavelength (nm)
L]

o
—

Y
(=]

Reflectivity
o
w

== o
o o

Intensity (a.u)
(=]
(5]

450 500 550 600 650 700

o
o

3

Wavelength (nm)

Figure 81: a) EL spectra of a top-bottom DBR device. Inset shows the FWHM of the 530nm peak. b)
Normalised reflectance and emitted spectra at 25mA.

Although the development of the bottom DBR and the device fabrication has been
carried out under the same conditions, the dominant mode emission of the
reported devices varies in a range of 10nm. As described in Chapter 2, the mode
wavelength is mainly determined by the cavity length and its refractive index.
Aiming for a better understanding of this mode shifting behaviour, 3D-FDTD
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simulations have been carried out to observe the effect of the top DBR into the
spectral mode position. Thus, the structure described in Section 6.2.1 has been
used. Nevertheless, in this case the centre wavelength of the top DBR has been
varied from 500 nm to 580 nm. Figure 82, illustrates the result obtained from the
simulation, where a maximum mode detuning of 6 nm is obtained when the top
DBR is centred at 580 nm.
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Figure 82: Simulated reflectance of the microcavity changing the top DBR centre wavelength.
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The origin of the shift was believed to be due to a detuning between the centre of
the top and the bottom DBR. Although the deposition conditions of the dielectric
layers were slightly unstable in our PECVD (deposition rate oscillates a 2%), this
was not enough to produce such a shift. Figure 83a) illustrates the cross-section
view SEM image of the microemitter with porous and dielectric DBR. As can be
seen, the top DBR is deposited non-uniformly, creating a wavy deposited layer,
due to the non-flat surface of the microemitter. The formation of InGaN products
on top of the SiO, during the overgrowth process would lead into DBR un-
uniformity, which can lead into different effective cavity lengths and finally shift
the mode wavelength. To validate this statement, reference DBRs were deposited
in a Silicon and on an overgrowth microemitter sample. The reflectivity of 12
pairs of SiO,-SiN deposited DBR on the micro-emitter sample is presented in
Figure 83b). It can be seen that the peak reflectivity is lower than expected.
Moreover, the centre wavelength is slightly shifted towards. In order to
compensate the irregular non-flatness of the surface, another ten pairs were
deposited. Thus, a near 80% peak reflectance was achieved at 520 nm.
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Figure 83: Cross section SEM image of the microemitter with top and bottom DBR. b) Effect of the
surface on the DBR reflectance.

Another fabrication run was carried out. This time, the top DBR was deposited
using ICPCVD, where the chamber temperature is kept at 100 ° C. However, for
this last sample 20 pairs of dielectric DBR were deposited to compensate any
uniformity on the sample surface. Figure 84a) illustrates the 80x80um mesa under
20mA injection current, where a non-damaged Ni/Au acts as a current spreading
layer. Figure 84b) shows the |-V characteristics of the device, the series resistance
value is roughly the same as the one presented in the previous section. The
slightly increase is attributed to the dielectric heat dissipation issues. The
emission spectra can be seen in Figure 84c). At low injection current, the main
peak is located at 528 nm. After increasing the current to 9mA, the peak becomes
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much sharper, with a FWHM of 1 nm. Unfortunately, there is a broadness in the
emission and wavelength shifting that can be associated with heating effects on
the device under testing. Stimulated emission has not been probed.
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Figure 84: a) Emission image of an 80x80 um microemitter at 20mA. b) |-V characteristics. ¢) EL
spectra under different current injection.

6.4 Conclusion

In conclusion, this chapter presented a novel approach towards micro-scale I1l-
nitride VCSELs. A great improvement in the EC is demonstrated, leading to a
reduction of the series resistance by a factor of two. Additionally, a uniform
porosity in the NP-based DBR is achieved, addressing one of the major
challenges in NP based devices at present. Although stimulated emission
behaviour has not been confirmed yet, microcavity effects have been observed
under either optical or electrical pumping. The results show the high potential of
this novel-patented approach.
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Chapter 7: Enabling high confinement factor
edge emitting lasers by using a nanoporous

GaN cladding layer

This chapter presents a study of the enhancement of the optical confinement
factor due to nanoporous cladding layers. Thus, simulations based in Finite
Difference Eigenmode (FDE) are presented. Furthermore, experimental
formation of porous conductive cladding layers has also been demonstrated.

7.1 Introduction

The progression in I11-nitride edge emitting lasers have been tremendous over the
past years, high brightness and high efficiency LDs have raised to lead potential
application such as lighting, laser display and information storage [1-3]. The
development of a GaN LD on standard c-plane is challenged due to the
intrinsically nature of the polar GaN wurtzite crystal structure, particularly for
emissions longer than 500nm. Over the past decade, LDs grown on alternative
crystal orientations with reduced or no polarisations, referred as semipolar or non-
polar have been presented [5]. Although the benefits over polar GaN seem clear,
the use of semipolar or non-polar present challenges related to cost, crystal
growth and device design [8].

As explained in Chapter 2, a LD requires an optical cavity in order to provide
feedback through the amplifying medium, leading to stimulated emission under
certain conditions. The device performance is greatly affected by the cavity
design and its waveguide behaviour. Edge emitting lasers normally rely separate
confinement heterostructure (SCH), where the transverse optical mode is
confined in the core region (active region) inserted between two cladding layers
[9-14]. The core layer is formed by MQWs to facilitate radiative recombination.
Population inversion is reached when the injected carrier density exceeds the
transparent level. The optical gain defines the increase of coherent photons. Thus,
lasing condition is achieved when the optical gain associated with a particular
waveguide mode (Gp0441) €XCeeds the optical losses, given by:

Gmodar = T8ty = 0y + 0 (34)

Where g, is the material gain of the active region, I is the optical confinement
factor, a,,, and a; correspond to the distributed mirror losses and internal losses
(scattering and absorption) [15]. The optical confinement factor presents the
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overlapping between the transverse optical mode in the gain region and the rest
of the waveguide, expressed as:

E(2)%dz (35)
E(z)%dz

J
= MQow

fwhole waveguide

A LD with a high " implies that majority of coherent photons are capable of
interacting with the injected carriers. The threshold current density in an LD can
be expressed as:
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Where the terms in the brackets are related to the Shockly read hall, radiative and
Auger recombination coefficients, A4;, is the cross section of the LD, d is the
thickness of the active region, n, is the transparency carrier density, g, is the
empirical gain coefficient of the active region [16]. Therefore, to achieve low
threshold lasers the optical confinement must be maximised. The confinement
factor is strongly affected by the waveguide design and the refractive index
difference (An) between the core and cladding layers.

Cladding layers require a low refractive index to confine the electric field into the
active region. Traditionally, Il1-nitride EELs use AlGaN material as a bottom
cladding layer. However, the refractive index difference between GaN-AlGaN is
relatively small (<0.05), leading to a low optical confinement factor ~3% [15].
The AlGaN refractive index can be lowered as the Al content increases, at
expenses of creating mismatched stress, for example an increase of 10% Al leads
to a reduction of the refractive index by ~0.04, with a correlated tensile stress of
1GPa [15]. Thus, the growth of AlGaN cladding layers with high Al content
present a challenge itself. The increase of Al% leads into a higher tensile strain
and eventually dislocations and cracking. Alternatively, the use of nanoporous
GaN as a cladding layer could lead into higher index contrast difference.

7.2 Simulation of confinement factor by MODE solutions

The confinement factor enhancement due to the porous cladding layer has been
studied through 2D Finite Difference Eigenmode simulations. Ansys Lumerical
FDE solves the full vectorial Maxwell equations at a specified frequency based
on materials and geometries entered by the user.
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The potential of ITO to replace conventional p-AlGaN cladding layer have been
studied by other authors, to achieve a high-power green LD [17-21], due to its
low refractive index and lower absorption losses than conventional p-AlGaN
cladding layers.

In order to effectively model the waveguide, the refractive index of GaN and ITO
layers has been obtained from spectroscopic scans. Figure 85, illustrates the
spectroscopic scan data of a thick n-GaN and ITO on sapphire and its agreement
with the model, where MSE<20 are obtained. Thus, refractive indices values at
530nm are estimated to be: ngan=2.39 ni10=2.01.
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Figure 85: Spectroscopic scan GaN (top) and ITO (bottom) on sapphire.

2D-FDE simulations were carried out to demonstrate the possible enhancement
of porous cladding layers. Figure 86 illustrates the 2D schematic of the simulated
structures. Table 6 illustrates the thickness and refractive index of each layer used
in the simulations.
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Figure 86: Schematic diagram of the conventional ridge laser (LHS) and nanoporous laser (RHS).

Table 6: Optical parameters used in FDE simulations (530nm). Adapted
with permission from [21].

Layer Thickness (nm) Refractive Index Absorption
Coefficient (cm™)
n-GaN 1000 2.39* 10
Alo15GaN / NP-layer 1000/500 2.39/1.9 10
InGaN WG 70 2.43 10
5% Ing27GaN MQW 3 2.69 -
GaN Barrier 12 2.42 10
InGaN WG 20/100 2.43 10
Alo.GaN EBL 20 2.37 10
ITO 150 2.01* 1920

A narrow 2 pm ridge was defined in the simulation. The thickness of the
waveguide layers has been optimised to achieve the maximum overlap with the
optical mode. Figure 87a), illustrates the solved fundamental mode of the device
using porous GaN and Alg;sGaN, the colour scale bar represents the maximum
intensity of the field. The porous layer lead into a noticeable enhancement of the
confinement in the active region. Figure 87b), illustrates a 1D representation of
the modal field and the refractive index, where is possible to see that the part of
the field leak into the substrate in the AlGaN based device.
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Figure 87:a) 2D Modal field distribution XZ plane using porous (left) and AlGaN (right) cladding
layers. b) 1-D distribution of field and refractive index.

7.3 Nanoporous Cladding layer formed by EC etching

After demonstrating the potential of porous cladding layers through simulations,
experimental EC etchings were carried out. Aiming for an electrical injected
device, the number of MQWSs was reduced to 2. Thus, achieving a uniform
injection in the active region, as explained in Chapter 4.

A 2” wafer was grown using MOVPE. First, a thick 6 um GaN was grown on
sapphire substrate, after checking its crystal quality and surface conditions, a
second LD growth was carried out. The growth replicated the thickness used in
the previous section. Thus, the LD structure is formed by a 500 nm
n++Aly0sGag gsN layer, a 20nm and 100 nm bottom-top InGaN/GaN superlattice
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waveguides, standard active region based on 2 x InGaN/GaN (3.2 nm/10 nm), a
20 nm Alp15GaggsN as an electron blocking layer and 100 nm p-GaN. Figure 88,
illustrates the PL measured with at CW 375nm at room temperature, the centre
emission wavelength is around 510nm with 25nm FWHM.
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Figure 88: Photoluminesce of the 2QW LD wafer.

The lateral etching approach described in the previous chapter was used to
achieve a uniform porous cladding layer. Thus, a 500 nm SiO, layer was
deposited on top of the LD structure, trenches were defined and etched down by
means of ICP, exposing the n++AlGaN cladding layer. The EC took place with a
0.3M HNOjs electrolyte, the bias voltage was tuned from 6V to 8V. Figure 89a)
illustrates the cross-section SEM image of the sample etched under 6 and 8V.
Figure 89b), illustrates the spectroscopic scan data of the 8V sample. For the
porous layers a model based on effective medium approximation (EMA) was
built, where the porous were modelled as a void. The thickness of the layer is well
modelled; however, the refractive index indicates a low porosity of 20%, giving
a refractive index of 2.1. As the MSE ~ 80 and the modelling was complex, the
porosity of the cladding layer was estimated from its cross-section image by using
a binary conversion, as shown in chapter 6.
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Figure 89: a) Cross section SEM image of a sample etched under 6V (left) and 8V (right). Insets show
the binary image used for porosity calculation. b) Spectroscopic scan of the 8V sample. c) Refractive
index based on VAT and the binary image obtained from SEM.

Once the etching conditions were established, standard laser fabrication was
carried out in another piece of the wafer. First, the porosification took place under
a constant bias of 6.5 V. Then, the sample was p-activated in N, for 15 min at
700 °C. In order to facilitate the fabrication, the ridge width was 5 pm instead of
2 um. It was found that in such a narrow structure, which is close to the limit of
our mask aligner, the patterning step is crucial in order to achieve a good ridge
etch profile. Figure 90, illustrates the cross-section SEM image using a standard
spin-patterning-dry etching and the optimised conditions. Thus, a first exposure
removes the edge bead of the sample to improve the contact between the mask
and the PR, then a second exposure pattern the ridges. After developing the PR
the sample undertook a 30 seconds O, ashing process with a flow rate and
constant power of 250 sccm and 150 W, followed by a hard mask bake at 100 °C
for 1 minute. Later the ridge was etched down to the top waveguide structure,
with a total etching depth of 200 nm. After that, the mesa was etched to reach the
n-GaN and n-metal contact was deposited, using a TiI/Al/Ti/Au alloy.
Subsequently, the contact was annealed in a N, ambient at 700°C for 1 minute,
and a 350 nm SiO, passivation layer was deposited using PECVD. The p-contact
window was opened in the ridge by means of HF, after that 200 nm of ITO were
deposited and annealed using the same conditions described previously (Chapter
5). Similarly, the n-contact window was opened by means of ICP. Finally, Ti/Au
bondpads were deposited to allow electrical injection.
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Figure 90: Cross section view SEM of the porous ridge with not optimised (top) and optimised (bottom)
conditions. Yellow dashed line illustrates parasitic etching of the n-GaN layer.

7.4 Results and discussion

7.4.1 Electrical characteristics

The fabricated devices were cleaved into 1cm long pieces. However, the
difficulties on polishing and cleaving the GaN on sapphire lead into bad facet
formation. Although the back side of the substrate was polished with grinding
papers, reducing its thickness from 460 um to less than 100 um, no clear cleavage
was achieved. Figure 91 illustrates the cross-section SEM image of the
nanoporous ridge laser after fabrication, where it is possible to observe that the
passivation layer covers the ridge effectively.
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Figure 91: SEM image at 30° angle (top) and cross section view (bottom).

The sample was tested under CW regime without coated facets. Figure 92a)
shows the emission of the device at 20mA, where the light seems to be effectively
confined into a waveguide mode. Electroluminescence spectra shown in Figure
92b), were taken using a multi-mode fibre placed at the edge of the emitting facet
and a Flame UV-MIS spectrometer. Narrowing was not observed under increasing
current injection either an abrupt change on integrated intensity, probably the bad

facet formation led to the inexistence of the cavity. The spectra show fringes with

2
a FSR of 8 nm, which agrees well with vertical mode spacing using FSR = 2'1L—n :

with A=510 nm, L =6500 nm and n = 2.44. The dashed line illustrates the QCSE.
The inset in Figure 92b) shows the current voltage characteristics of the porous
device.
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Figure 92: a) Emission image of the ridge sample at 20mA. B) EL spectra under CW injection current.
Inset illustrates the |-V characteristics.

7.5 Conclusion

In summary, this chapter presented the application of porous cladding layers in
edge emitting lasers. The enhancement of the confinement factor due to the
porous layer has been demonstrated through simulations. Cladding layers were
fabricated by means of EC, a good agreement has been achieved between the
assumed refractive index (simulations) and the measurements. Electrically
injected ridge lasers were fabricated, effectively injection through the porous
layer is achieved. However, no stimulated emission was obtained, due to the
difficulties related with cavity formation. Optimisation is on-going in order to
achieve lasing.
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Chapter 8: Conclusions and future work

This thesis presents the development and optimisation of I11-nitride microemitters
with microcavity effects. The potential of porous GaN to form microcavities can
enhance the optical performance of devices, leading to the development of future
advanced Ill-nitride optoelectronics.

8.1.1 Study of whispering gallery modes (WGMs) in I11-nitrides by FDTD
In summary, the current development, advantages, limitations and potential
applications of microdisk lasers are presented. A methodical study of the
thickness of the microdisk and its effects on the WGMs quality factor is
conducted through FDTD simulations. Then, an alternative to the conventional
pedestal approach based on nanoporous GaN cladding layer is presented. The
fabricated porous GaN devices showed whispering gallery modes with a FSR of
10 nm, under optical pumping conditions. FDTD method gives spectral results
that are in good agreement with the experimental measurements. The inherent
trade-off between high porosity and high series resistance compromised the
results of the electrical injected devices. Thus, WGMs were not observed under
CW electrical injection. Finally, a study based on SILENSE of the number of
MQWs in IlI-nitride devices is carried out, the result showed fewer MQWs lead
to a more efficient carrier injection. These results were used as a starting point in
section 8.1.4, where a ridge laser was designed.

8.1.2 Enabling emission stability to microLED arrays by using microcavity

effects

A novel approach to mitigate one of the consequences of QCSE, the so-called
‘blue shifting’, has been demonstrated. Thus, the design, fabrication and
characterisation of a microcavity based Ill-nitride micro emitter was introduced.
Porous DBRs were formed by means of electrochemical etching, showing
exceptional reflectivities values (>99%). Selective overgrowth method formed
microemitters with 3.6 um diameter. The combination of a nearly lattice matched
porous DBR and the microemitter led to microcavity effects, proven by FDTD
simulations. The electrical characterisation showed a 3 nm shifting of the
emission peak, while the emission of the non-cavity-based device shifting was 50
nm under the same current conditions. Furthermore, the spectral linewidth was
also affected by the cavity effect, being narrowed from 50 nm to 25 nm. Thus,
this approach could clearly benefit the fabrication of full colour micro displays.

8.1.3 Towards micro-Vertical Surface Emitting Lasers (VCSELSs) based on
I11-nitride selective overgrowth

An alternative patented approach to the fabrication of Ill-nitride VCSELSs has
been demonstrated, which is achieved by developing a direct epitaxial method
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based on selective epitaxial growth. Microemitters with 3.6 um diameter were
stacked between a porous-dielectric DBRs. Modes with a FWHM of 4nm were
observed by confocal PL. FDTD simulations were carried out to verify the
experimental results, a good agreement between the simulated model and the
experimental data was obtained. The EC etching conditions were optimised,
leading to a noticeable reduction of the series resistance. Although stimulated
emission has not been confirmed yet, microcavity effects have been observed
under either optical or electrical pumping. The emission linewidth has been
narrowed down to 5.5 nm under electrical injection conditions. The results show
the high potential of this novel-patented approach.

8.1.4 Enabling high confinement factor edge emitting lasers by using a
nanoporous GaN cladding layer

The potential of nanoporous cladding layers in edge emitting lasers was studied,
as an alternative of conventional AIGaN. The enhancement of optical
confinement factor was demonstrated through FDE simulations, where a proper
design showed an improvement by a factor of two. The formation of porous
cladding layers was successively achieved by means of EC, where a low
refractive index of 1.86 was obtained. Then, electrically injected nanoporous
ridge laser devices were fabricated and characterised, stimulated emission was
not confirmed. Although facet formation processing was not optimised and
compromised the results, this chapter presents a novel approach towards a low
threshold green edge emitting laser.

8.2 Future work

8.2.1 RGB microemitters with stable emission

As introduced in chapters 2 and 5, Il1-nitride based devices suffer a blue shift in
the emission wavelength as the injection current is increased. Chapter 5,
introduced a approach to partially mitigate this effect based on microcavity
effects. Our group has recently presented 2um diameter red microemitters with a
peak EQE of 1.75% [1]. However, a strong blue shifting due to QCSE was
observed. Potentially, the emission stability demonstrated here could be used to
form colour stable microLEDs at longer wavelengths. In order to achieve it, the
DBR thickness should be modified to produce a stopband in the red region spectra.
This presents interesting applications such a colour stable RGB microdisplay.
Currently, we are developing red DBRs in order to prove this idea.

8.2.2 micro-Vertical Surface Emitting Laser optimisation and porous
thermal management.

The present work is a preliminary investigation on the feasibility of a micro-
Vertical Surface Emitting Laser based on Ill-nitride selective overgrowth. As
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such, a further optimisation on the selective overgrowth to minimise parasitic
resistance can lead to an improved device performance. The selective overgrowth
also introduces InGaN products between the microemitters (on top of the SiO,),
which led to a Q-factor reduction. Recently, our group has started to apply a post-
growth annealing which partially eliminates the residual InGaN products. Thus,
the deposition of the top DBR on a flat surface could reduce the scattering losses,
leading to a stimulated emission.

Microcavity effects have been demonstrated on the fabricated devices, but lasing
has not been fully confirmed. It is then noteworthy to verify the resulting
polarization along with the microcavity effects. The performance of the
microemitters is significantly affected by the poor heat dissipation of the substrate
and the porous-dielectric DBR. In order to understand the current problem,
thermal modelling of the hybrid cavity must be carried out. It is highly suggested
to utilise a temperature-controlled stage when probing these particular devices, a
new setup is being built at the moment.

8.2.3 Developing nanoporous edge emitting lasers.

Further development is needed in order to process the laser facets. Many authors
have expressed the difficulties related with facet formation in sapphire substrates
[2]. Laser cutting could be a costly but functional option [3]. Additionally, with
an optimised process the facets could be formed by ICP etching or CAIBE
(chemically assisted ion beam etching) [4-5]. Recently, our group has grown LD
structures on semipolar GaN, which show higher PL intensity than c-plane
sapphire and potentially could be easier to cleave (as the cleaving planes are well
defined).

Moreover, the growth conditions could also be optimised. Recently, our group
found out that the incorporation of H, on the barriers lead into an increase of the
PL intensity in LD structures. This could potentially impact the gain material of
the MQWs.
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