Table of Contents

Chapter 1 - INtrodUCHION. ......ccooiiiiiiiiiiieeiee et e e 1
1.1 Historical back@round............oocueeiriiiiiiiiiiiieiieeeeeeeeste e e 1
1.2 The structure Of the thesiS..........ciiiiiiiiiiiiiieeeeeee e 5
1.3 RETEIEIICES. ..ottt ettt et e et e e bt e e s e aaaaeeee s 9

Chapter 2 Fundamental prinCiples.........coocuueeriiiiriieeiiieeiieesiee et ereesieeesnee e e 17
2.1 The 1aSer diOde.....cc..eeiiiiiiiiiieeiie ettt e e 17

2.1.1 Radiative tranSitionsS. ....c...eevueeruierieenieenieeniteereeite et estee et et saee s 18
2.1.2 POPUlation INVETSION. ... ..eeiutieiieniieeiiesite ettt ettt e e sttt e e st e e eieee e 19
2.1.3 The T€SONANT CAVILY....eeeruriiriieeeiieeriieertteeiiee ettt e eite e et e e st e e sabeeesiree s aeeeee 21
2.2 Separate confinement LaAYeTS.........cccueeeriieiiiieeiieeeiie ettt erre e e e ereeee e 24
2.3 Fundamentals of quantum WellS..........cocooviiriiiiiiniiinieniececeeeec e 26
2.3.1 Quantum wells and Schrodinger's equation.............cecveevrciiveeeeerniieeeeeennnns 26
2.3.2 3D and 2D K-SPACE....ccuutieiuiiiiiiiieiiteetee ettt 31
2.4 Lasing threShOld..........oocuiiiiiiiiiiiiiee e 33
2.5 Dark recOmMbINatiON PrOCESSES. . .ccuvrerrurieerirreerireerirreerreeesseeessreeensseeessresssssseeeeens 35
2.6 LLASET SITUCTUTES. ...ceuvieiitieeitieeitee et e ettt e ettt e et e et e e e bt e st e e st e e sabeeesabeeeenbsaeeens 36
2.6.1 Ridge waveguide SIIUCIUIES. .....cccuvieriueeeriieeriieeireeeireeeireeeieeesieeesneeeeennns 36
2.6.2 Tapered 1aser SLIUCTULES. .......covuteiriteeniieeniteeiee ettt sttt 37
2.6.3 Vertical Cavity Surface-Emitting Lasers (VCSELS).....c.ccccovviivniiinnieennn. 39
2.6.4 Other 1aser SLIUCTUTES. ...couveeiuiieieeiieeteerite ettt ettt seee et e s eesanaaeas 39

Xii



2.7 Lifetime, degradation and heat.............ccoeciiiriiiiniiiiiniieeeeeeeeeeee e 40

2.8 RETEIEIICES. ...ttt ettt et et e et e st e ebeeeeaee 40
Chapter 3 Device charaCteriZation...........oecvueeriieeriiieeniieeiie ettt e saee e 45
3.1 INErOAUCHION. ¢ttt ettt ettt st et e s e 45
3.2 THE AEVICES. ..ceeueeieiiieeeiie ettt ettt ettt et e st e e e s e eeeas 46
3.3 Direct measurement Of GAIN.........cccueeiriieiriieiiiee ettt 48
3.4 Indirect measurement Of GAIN.........ccceeviiiiiiiiiiiiiiieete e 48
3.4.1 The Hakki-Paoli method...........cocceeriiiiiiniiiiiiiiiieceeeeceee e 49
3.4.2 Cassidy's improvement on the Hakki-Paoli method.............c.ccocccenieniiee. 51
3.4.3 The least-squares fitting method.............coceeiriiiiniiiiiniiieiiceeeeeee e 53
3.4.4 True unamplified Spontaneous EMISSION........c.eeerveerrieerrieeerieeeiieeeieeeenns 55
3.4.5 Segmented contact method..........cccooviiiiiniiiiiiii e 55
3.4.6 Choice of Cassidy's method............ccoevuiieriiiiniiiiriieeieeee e 56
3.5 Description of experimental SEtUP.........cccueerieriiiiiiiiiiieiieiieeee et 56
351 OVEIVIBW ...ttt sttt et e e e 56
3.5.2 The devices and SUD-MOUNLS..........cocueiriiriieiiiiieeieeieeee et 57
3.5.3 The temperature controlled heat Sink..........cccooveriieiiniiiniiniieieceee, 59
3.5.4 Delivery of driving CUITENL..........eevruveeriiieeiiieeriieerieeerieeeriieeeeeniiaeeee s e 59
3.5.5 Manual positioning and alignment of the fibre............cccceevieiniiinnni. 61
3.5.6 Generation Of IV CUIVES.....cc.coriiiiiiiiiiiiiiiiecicceeee e 62
3.5.7 AULOMALION. c...eiiitieiiieieeite ettt ettt et ettt et e st ebe e s 62
3.5.8 Automatic positioning and alignment of the fibre..............c.cccooiinii. 63
3.6 MEASUTCIMEIES. ......veeuiieiiieiteeiieeite ettt ettt et sat et esat e et esate et e saneeeeabeeeas 64

xiii



3.7 Post processing - Peak and trough finding............cceecveeeviienniiiiniienniiceeieee, 64

3.8 Calculation of modal gain and 10SS.........c.coriiriiiiniiiiieieeee e 65
3.9.1 Calculation of quasi-Fermi level separation.........cc..ccceeeeeeveiieinieennieennnnne 66
3.9.2 Other methods for the calculation of the quasi-Fermi level separation.....67

3.10 Extraction of effective group index and alpha factor...........cccccecveeeniiiinnnneen. 69
3.10.1 Calculation of effective group indeX...........cceevveeerieeenveeniiieniieeniee e 69
3.10.2 Extraction of the peak pOSItION..........ceeeviiiiiiiiiiiieniieenieceieceee e 71
3.10.3 Extraction of shift of effective index (Aneff)...........ccccvvvevveveevereviiieiriennnns 72
3.10.4 The Kramer's-Kronig relations and the extraction of the alpha factor.....73
3.10.5 Thermal and electrical shifts in effective indeX...........ccoceeeeienirieennnnnn. 75

3.11 Errors in the measured SigNal..........cccueeeriiriiiieiiieeeiieeeiie et e e 76

3.11.1.1 Verification of the waveguide INtegrity........c.cccecuveveveerniieeennneeenene. 76
3.11.1.2 A method for group index eXtraction..........cccecueeerveerrveerseeesnireeeeenns 78
3.11.2 Deconvolution and estimation of System reSponse...........ceeeeeveeeeruveeeennne. 78
3.11.3 Estimation of error in the measured data..........c..cceceeveenieeneenicnnecnnneen. 82

3.12 Experimental results and analysis.........cceccveerevieeniiieeniiieeniieerieeeeeee e esiveee e 87
3.12.1 GalN MEASUTEIMNENL. ¢....eeeieieeiieeeieeeeiteeeieeeetteeebeeesibeeesabeessabeesesnareeeeeanans 87
3.12.2 The full width half maxima of the gain spectra..........c..cccuveeeerrrciireeeeennns 90
3.12.3 Lasing wavelength...........ccociiiiiiiiiiiiniiceeeeeeeeeeeeeee e 91
3.12.4 Extraction of effect group index and shift in effective index................... 96
3.12.5 Calculation of the alpha factor...........c.cccccvieriiieniiieiee e 100
3.12.6 Comparison of gain data against known gain spectra............c.cccceeeuveennne 102

313 SUIMIMATY . ccuvtieeiiieeiieeeiie ettt stee et e et e e e saaeeetaeeessaeesssaaennsaeeesennssseeesasnnes 106

Xiv



3.14 Further work and improvements in the measurement System...........c............ 108

3.14.1 The optical spectrum analySer...........ccceeriieiriieiniieinieeeieeeiee e 108
3.14.2 TRE EVICES....c.uviiiiiiiiiiieeieeeet ettt 109
3.14.3 The 1aDOTatory....cc.veeeeeiieeiiieeiiee ettt et s e e saeeeseaeeeebeeesareeeaneeeeeenees 110
3.14.4 Improvements in the SOftWAre...........coceereiriiieniiiiiiiicrecee e 110
3.14.5 The measurement teChNIQUE..........c..eevvuiieriiieriiieeriie et 110
315 RETEIEICES. ..ceeuetieiiiieeiieeeee ettt sttt e 111
Chapter 4 Thermal MeaSUIEIMENTS. .....ccc.veerruiierriierriieeerieeeiieesieeeeiireeeeesiitreeeeeenaenees 116
4.1 INEPOAUCTION. ...ttt sttt e et e e sabeee e 116
4.2 ThermographiC IMAZETY......ccccueerriieriieeeiiee ettt ettt et e e sbeee e s 116
4.3 Thermography with a thermal camera...........ccccoeeveeriiieeniieenieeeeee e, 118
4.3.1 EXperimental SEIUP.......cccuverueeriieiienieeieeneeeeeeee et 118
4.3.2 Measurement ProCEAUTE. ..........eeeruieeerireeeireeeireeeireesireesireeesnrereeessennnnees 121
4.3.3 Data EXIIrACHION. ..ceeiutiieriiieeitieeitee ettt e et e et e et e e et e e ebee e sttt e e s eesbeeeeeeenans 122
4.3.4 Front facet, back facet and top contact temperature............cc.ccceevveeeeennnne 123
4.3.5 Device heating as a function of length...........cccccecvieviiieniieeniiecieeeees 126
4.3.6 Evidence for cooling through the bonding wire..........c.ccccceeveiiriienennne. 128
4.3.7 The transient thermal response of the laser............ccoecveevviieniiiiniiieeeennnn. 131
4.4 Limitations of direct thermal imaging..........cccceevvieeriieiniiiiniiennieeeeeeieeeeeenn 134
4.5 Spectral MEASUTEIMENILS. ....c..veeeireeeireeeiteeeiteesieeesieeesbeeesneeeeessabaeeeeesnnnneaeeens 136
4.5.1 Active 1eZioNn tEMPETALULE. .......ccouveerieriierieeriteeteenieeeteesieeeeaibeeesaabeeesaaees 136
4.5.2 RESULLS. ..ttt 137
4.5.3 Error in estimation of QW temperature...........ccceeevveeerveeenieeeneeesneeennnes 140

XV



4.5.3.1 Red shift due to band gap re-normalisation..........cccccceevvveeerrneneennnn. 140

4.5.3.2 Blue shift with increased carrier density — Band filling................... 141
4.5.3.3 A combination of the effects..........cocceeviiriiiiiniiiniiiceeeee 142

4.6 SUIMIMATY .....vveeeiiieeeieeeeteeeeteeesteeesteeessseeassseeasseeasseessseessseeessseeessseesnsseeessnnnnns 143
4.7 Further work — improvements to the measurement SySte€m............ccceevuveernnnee. 144
4.8 RELEICIICES. ....eeneteiiiieiieeeee ettt ettt e e e e e 145
Chapter 5 A laser heat model...........cooviiiiiiiiiiiiiii e 149
5.1 INErOAUCTION. .....eiiiiiiiieieeetee ettt ettt e s e e 149
5.2 The lattice heat €qQUALION..........cveeriveeeriieeriieerieeeteeeeeeeeeeeieeeeaeeeeeeerneeeeens 150
5.3 Thermal boundary CONAItIONS........cccueeeriieiriieiriieeiee et reeee e 151
5.3.1 Neumann boundary CONAitionsS.........c..eeecveeeriuerenireenieeenreeesreesieeesieeenens 152
5.3.2 Dirichlet boundary cOnditions..........c.cceveerveriieeniieenieeneeneeneeeeesee e 153
5.3.3 Mixed boundary CONAitioNS........cccueeeiuveeriiiieniieeniieeniiieeeeeeeiieeee e e 153
5.4 Discretisation of the thermal problem..............cocceiiiiiiiniiiniiie, 155
5.5 Coupled iterative solution of the electrical and thermal problem.................... 156
5.5.1 The 1D Problem.......ccccuieeeiiieriieeeiie ettt ettt e e e e e e e 156
5.5.2 The 2D Problem......cc.cooiiiiiiiiieiieieeeeeee e 157
5.6 Solving the 2D thermal problem...........cccceccvieiiiieeiiieniieeieeeeeee e 158
5.6.1 Alternating Direction Implicit methods (ADI).......cccccoviiiiiiiiiniiinneennns 158
5.6.2 Gaussian elimination..........cceeueerieeniieriienieeieenee et 158
5.6.3 Newton's MEthOd. ......cccueiiiiiiiiiiiie et e 159
5.6.4 Solving the 1D heat equation using Newton's method..........c....ccocueeeen. 160
5.6.5 Solving the 2D heat @qUation ...........cccceeereuieeriieeeniieeiiee e e eeireee e e 162

XVi



ST MESHING. ....eviiiiiiieeiie ettt et e e e et e e e e ennaaeee s 163

5.7.1 Interpolating between the electrical and thermal meshes......................... 163
5.7.2 Using the same electrical and thermal mesh.............ccccceeviieiiiiiinnnn. 165
5.8 The materials database...........cooueriieeiiiiiiiniiiieeieeeeee e 165
5.9 Material MOdEIS..........eoruiiiiiiiiiiiie e 167
5.9.1 Bulk carrier denSItIES. ......cccueerurerieeniienieeniieeieeiee ettt 167
5.9.2 CoNfINEd CAITIETS....cccueiiiiieiiiiieeiieeeite ettt eeaee s 168
5.9.3 The Intrinsic Carrier deNSILY.......ceevveerrieerriieriieeeiieeriieesieeeeeeirreeee e 169
5.9.4 Low-field mobility model...........ccceoieniriiniininiiiniiiciieccieceec e 169
5.9.5 Lattice thermal cONAUCLIVILY.......c.eeiriiiiriiiaiiieeiieeeie e 170
5.9.6 Specific heat CapaCIty.......c.ceeviieeiiiieiiieeiceeee et 172
5.9.7 Material density.......ccceevuierieriieniieeieerie e s 173
5.9.8 Elastic constants (C11,CL12,C44)....ummriiiieieiiiireeeeeeee e 173
5.9.9 Other Parameters. ........ccovvieiiirieriieeeeete et 174
5.9.10 Bulk spoNtan€ous EmMiSSION. ........eeerureerrureeriureerireesieeenieeenreessineessareeeenns 174
5.9.11 Bulk Shockley-Read-Hall (SRH) recombination............ccccceeevcuvvreeeennnns 175
5.9.12 Bulk Auger recOmbINatION. .......cccueeriiriiiiriieiienieeeeeie e 176
5.9.13 Auger and SRH recombination in the GalInNAs quantum well ............. 177
5.9.14 Maximum tEMPETALULE.........cccueereeerierireeteeneeereenieeereesieeeneeseeeeneeseneees 178
5.10 The carrier transSport MOdel............coovviiiiiiiiiiiiiiiee e 178
5.10.1 Thermodynamic treatments and hydrodynamic models......................... 178
5.10.2 The Dirift Diffusion (DD) and Energy Balance (EB) models................. 179
5.10.3 Scharfetter-Gummel discretisation of the drift diffusion equations....... 183

XVvii



51T GAIN ettt e ettt e et et ettt eeta e et e eaa—aaas 187

5.11.1 Calculation of tranSition TALe..........ccovuueeriuieeriieeniieeniieeriee e 187
5.11.2 Calculation of material ain.........ccccueerviieeriiiiiniiieeniie e 189
5.11.3 SpONtaneous EMISSION. .....cc.ueerueerreeriieriieeieesieeiteeiteereeesibeebeesareeeeee e 190
5.12 Bulk heat @eneration..........c...cocueeeieriienieniienieeeesee e 191
5.12.1 Average separation Of CAITIETS......ccveerrieeriieeriiieeniiieesieeesieeeribeeeneeeennens 191
5.12.2 Free carrier abSOIPLION. .......eeevieiierieiiieeee ettt 193
5.13 Heating in the quantum Well..........ccccoooiiiiiiiiiniiieeee e 195
5.13.1 Capture hEatiNG........cceevueeiirieiiiieniteie ettt 195
5.13.2 Stimulated EMISSION. .....cccutiriiriieriieiierie ettt 196
5.13.3 SpONtaneous EMISSION. .....ccuuieerueeerreeeireeeireeeireenireeseenrrreeesessnnreeesannns 197
5.13.4 Lateral Joule heating..........cccceeviiniiiiiiniiiienececeeeeeee e 197
5.13.5 Shockley-Read-Hall (SRH) heating............ccccevvveeviiiiniiieniieeieeeienen 197
5.13.6 Free carrier abSOTPLON........cocueiriiiiiieiiieieeeie e 198
5.14 Total 1attice NEat......cc..eeviieriiiiiiieeieeeee e 198
5.15 Contact REAING. ....cc.eeeuiiiiiiiiiiiie ettt 198
5.16 Stability of the electrical MOdEl.........c..cocviriiiiiiiiiiiiiiieeeeec e 202
5.16.1 Matrix nOrmaliSation........c.c.eeeueerieeniierieeniieeieeite ettt e e 203
5.16.2 Iterative improvement of the SOIUtion.............coeceeevviiiiniiiiniiiinieceeee, 204
5.16.3 Clamping and back tracking algorithms for fast global convergence.....205
5.16.4 Bi-CGSTAB.....e e 208
S.17 SUMIMATY ¢ttt ettt ettt e st e et e e abe e et eeeeeeaaseeees 208
518 RETEIENCES. ...ttt ettt ettt e e 209

XViii



Chapter 6 Thermal Optimisation of 1.3um dilute nitride lasers...........ccccceeeevvveeenne. 217

6.1 INErOAUCTION. ....couiiiiiiiiiiie ettt et et e s e e 217
6.2 The device and its thermal performance...........cccccevvveeniiiiniieiniiieieeeiieeee. 217
6.3 Comparison With XPeriment............cccueeeriieeriieeeiieeeiieeeieeesreeesveeesaeeeseneeenns 220
6.4 Thermal comparison of the mesa and ordinary RW structures....................... 222
6.5 Filled etched trenches with gold straight across...........cceecveeeviieenciiieeeeennnnen. 223

6.5.1 Variation of gold on the side of ridge.........ccceviiiiniiiiniiiiniiiiiiiecee, 223

6.5.2 Variation of gold on the bottom of trench............ccccceevviiiniiiiniinnnne.. 225

6.5.3 Variation of gold thickness on the top of the device...........ceceervienieene 226
6.6 Mounting the device p-side up or p-side dOWN........ccceeeviiieniiiiniieinieeeieeane 226
6.7 Mesa p-side up/down mounting at elevated temperatures..............ccceeeeeernnneee. 229
6.8 Impact of substrate height on maximum temperature............coccceeeveveeencuneenns 232

6.9 Etch depth of large area mesa structure in the high modulation frequency

EVICE. .ttt ettt ettt e et e et e et e e e 233
6.10 Thermal conductivity of the etched trench............cccccooviiiiiiiiiniiiiniii, 234
6.11 Using a small stub to extract heat from the top of the ridge..............ccueee.... 236
6.12 The effect of p-cONtaCt FESISTANCE........coveeuieriieiieniieiere e 239
6.13 Variation of ridge Width..........cccoooiiiiiiiiiiiiieeeeee e 241
6.14 Optimisation of the doping of the p-type cladding...........cccccceeerniiiiiiinnnnne 242
6.15 Graded doping in the p-type cladding region.........cccceeevvvrieeeeeniiiiiieeeeeeee, 245
6.16 SUIMIMATY .....vviiiiieeeiieeiiieeeiee ettt e eiee e et e e steeesaeeessaeeesssaeesseeessseeessnsseeesssnnsssees 248
6.17 RETETENCES. ....uvveeieiiiieiieee ettt e e e 250
Chapter 7 Dilute nitride lasers and non-equilibrium carrier temperatures................. 252

XixX



T 1 INETOAUCTION. ¢ttt ettt ettt e et et e e s e e e e eeeeaa e seseeereaaasesenesenans 252

7.2 The LO-phonon bottleneck............cc.eeiiiiiiiiiiiiiiiiiieiceeeceecceee e 252
7.3 Hot phonon models in the literature...........cccceeeveieiniieiniienieeeeceiee e 254
7.4 The MOAEL......ooiiiiiiiie ettt 256
7.5 A NUMETICAL OVEIVIEW......eiiiiiiiiiiieeiiieeite ettt ettt ettt e e e e 258
7.6 PrelimINATiCs. .. ccveeriiiiiieiieeieeite ettt ettt et sttt et e s e e 260
7.6.1 Carrier dENSITIES. ....ceoutieeiieeeiieeeiie ettt ettt et e et e et esneeesbeee e 260
7.6.2 Carrier €Nergy AeNSIY......cocueiriiieeriieriieeeieeeiteeeiteesieeesereeesesnirreeeeennns 261
7.6.3 AVETAZE CATTIET CNETEY .. ..eerueeeueienieeaiiientieeieeniteeieesitesiseenseesbeenbeesneenbeeeans 261
7.6.4 Average lasing ENeTZIES. ......eeeueteriieiriieeniieerieeeiteesieeesibeeeeesesiieeeeeeenans 261
7.6.5 Average carrier energies taking place in spontaneous emission.............. 262
7.6.6 HEeat CaPACITIES. .....ccuieuierieeiieeieeiieete et 262
7.6.7 The effective band Zap.........coocveeeriieiiiieiiieeeeeee e 263
7.7 Electron/hole rat€ €qUatiONS...........c.eeevvieriiieeriiieeniieenieeeniee et e e 263
7.8 Heating and cooling mechaniSms.............ccoooveeriiiiiiiiiniieeniieeeeeieeee e 264
7.8.1 HEAt CAPACILY...veeevieieiieeeiieeciiecite et e et e e ee e et e s tee e saeeesetae e e e e e nnseaaeens 264
7.8.2 Free carrier abSOTPHON. ......cevuiiriieiieeieeeerte ettt 265
7.8.3 Energy loss via stimulated €miSSiON...........eeevuveerrieeriieeeeniiiieeeeeeriieeeeenn 265
7.8.4 Optical phonoOn EMISSION.....cc.ueiiiiiiiiiiieiiee ettt 266
7.8.5 Acoustic phonon €MISSION. .....cccuutirriiieriiieeiieeriteeriteerieeerreeeree e e 266
7.8.6 Shockley-Read-Hall recombination...........ccccueevueenieiiieinienieenieeieesee 267
7.8.7 Auger recombination in the QW ..........occooiiiniiiiiiniicceee 267
7.8.8 Final electron/hole rate equations............cceeevveeeruveeeiveenieeeniieesieeesveeenns 268

XX



7.9 The hot LO-phonon population............cc.eeeueeeriieenieeeniieeniiiieeeeeeiiieeee e 269

7.9.1 The LO-phonon rate equation............coceeveeeiienieriieenieeeeieee e 269
7.9.2 The hot phonon energy density.........ccceeeeeerriieeriieeniieeeiiiiiieeeeeriiieeee e 271
7.9.3 Lattice heat fIuX......ccceeiieiiiiiiiiieeeeeeee e 275
7.10 Relaxation times USEA.........eeerueeiriieiiiieeiieeeite ettt ettt e e e eiieeee e 276
7.11 A simplified MOdel.........c.cooiiiiieiiiiiiieeeeeeee e 277
7.12 Solution of the Problem..........cceeiiiiiiiiiiiiiiiiieeceeee e 277
7.12.1 Lattice equation deriVatiVES. ......ceevuveerrureerriieeriieeniieesiteeesiieeeeeessiieeeeens 279
7.12.2 Electron energy conservation eqUation..........ccceeeveerieereeenieeneessueenveenns 280
7.12.3 Hole energy conservation equation..........c...eecueerreerueeenueeeennneeenreeennns 280
7.12.4 LO-phonon energy conservation equation............cccueeerveeereveeenuveesnnnenens 281
7.12.5 Evaluation of the derivatives..........ccoceeeriiiiniiieniiieiieeeieeeieeeeeeeeeenn 281
7.13 The 1.3pum dilute nitride deVICe........coouviriieiiiniieierieeeereeeee e 282
7.13.1 The SIIUCTUTE. ......eeiiiiiiiiieiieceee ettt e 282
7.13.2 Simulation results for the low power 1.3um device — Steady state......... 283
7.13.3 Simulation results for the low power 1.3um device — Time domain......288
714 SUIMIMATY ..ottt ettt ettt eseneeaeesaneenaes 291
715 RELETEICES. ....eeneiieiiieiieeeee ettt ettt e e e 293
Chapter 8 Thermal boundary resiStance...........coceeeueerieriienieeieenieeeenee e 295
8.1 INrOAUCTION. ¢ ..ottt s e e 295
8.2 Chapter OULINE. .......coouiiiiiiiie ettt 296
8.3 The magnitude of TBR..........coiiiiiiiiii e 297
8.3.1 Models for the calculation of TBR........c.cccooiiiiiiiiniiiiceee 298

XX1



8.3.2 The Acoustic Mismatch Model (AMM)..........cooovvviirreeieeieiieeiiiieiiiieeeeen, 299

8.3.3 The Diffuse Mismatch Model (DMM)..........cooovvviveiiieieiiiiiieiiiiiiiieieieen, 303
8.4 Values of TBR from the literature and DMM...........cccccovviiiiniiiiiniienniieenne 306
8.5 Inclusion of thermal boundary resistance in device simulators....................... 307
8.6 Validation of numerical SCheme...........cccovviiiriiiiniiiiiiiie e 317
8.7 The impact of TBR on a device with multiple epitaxial layers........................ 319
8.8 Inclusion of the impact of TBR within a full device simulator....................... 323

8.9 The impact of TBR on high power high brightness 980nm ridge waveguide

LS TS ettt e e ettt e e et e e e st t e e s et tattbaeeeeeeeas 330
8.10 Carrier heat flux and TBR.........coccoiiiiiiiiiie e 338
8.10.1 INrOUCTION. ...ccuutiiiiieiiiiieeeite ettt e e 338
8.10.2 The MOAEL......cooiiiiiiieeiiiie et e e e e eare e e e e 339
8.10.3 Newton's Method.........ccueiiiiriiiiiiiiiiecceeee e 341
8.10.4 Jacobian €lemMENtS. .........ceeeriiiieeeiiiiie et e 341
8.10.5 Carrier relaxation tIMES. ......ccoeeeueerieriieenieeieenee ettt sreesieee e 342
8.10.6 Results for a simple slab of GaAs with a layer of defects...................... 343

8.10.7 Summary and further work on the transfer of heat due to carriers over

thermal boundary reSiStanCes. ........cooveeeriieriiieriieeeiie et rree e ee e 347
8.11 SUMMATY = OVEIVIEW...couiiiiiiiiiiiiiiiiee ettt ettt e e e s 348
8.11.1 Summary - Edge emitting 1asers.........cceveueeiriiiiniieeniieeiee e 348
8.11.2 SumMMAry - VCSELS.......oiiiiiiiiieeeeee ettt e e 348
8.11.3 Summary — Carrier/lattice heat fluxX..........ccoccceeviiiiniiiiniiiieee, 349
8.11.4 Concluding remarks and further worki...........cccooeeieeriiiiniiienieeeee. 349

XXii



B12 RETEIEINCES. ...ceeetieeeeeeee ettt e e e e et e e e e e e e e et eaaasreesseeaneseeannaaees 349

Chapter 9 COonCIUSIONS........cooviiiiiiiiiiiieieeeeeee e 355
0.1 INtrOAUCTION. .....eeeiiieiieeieeeiteett ettt et et e e 355
9.2 Measurement Of aIMN.......c..eeceveeerueeeriiieeiieeeieeeesieeesieeesteeeesnraeeeesesnsseeeesannns 357
9.3 Thermal MEASUTEIMENES. ....c...veerrireeeriieeeiteeeiie e et et e e sbee et e esbeeesabeessibeeeeeeas 357
9.4 Development of a temperature dependent laser simulation tool...................... 358
9.5 Thermal optimisation of 1.3um dilute nitride laser diodes...............cccceuneeee. 359
9.6 Impact of LO-phonon population in 1.3um dilute nitride lasers...................... 361
9.7 Thermal boundary resiStanCe. ..........cecueeeerrerrienieniieienienieeteneeseeee e 362
9.8 Concluding remMarks..........ccocuiiiriiieniiieiee ettt e e 362
0.9 RETEIENCES. ...ttt ettt ettt e st 363

Appendix A The derivation of the drift diffusion and hydrodynamic model............ 365
AT INErOAUCTION. ...ttt st 365
A2 BaANA SIIUCTUTE........eeiiiieiieeieeiee ettt ettt ettt e st e e ebeee e 365
A.3 The Boltzmann Transport Equation (BTE)........cccccceeviiiiniiiiniiiiiieiieene. 365
A.4 The method Of MOMENLS........coiiiiiiiiiiiiiieie e 367
ALS FUndamentals..........oooiiiiiiiiiiieiiicee e 368
A.6 The method Of MOMENLS.......ccoiiiiiiiriiiiiiieieeee e 370
A.7 Derivation of the momentum conservation €quation.............cceecveeereeerrueeeennn. 370
A8 RETETEINCES.......eiiiiiiiiiieeee e e 375

XXiil



