
297

Index

a
α DFB lasers 102–103
amplified spontaneous emission (ASE) 11,

12, 24

b
Bloch mode device 70, 71
Bragg mirrors 33

c
carrier density pulsation (CDP) 266
carrier heating (CH) 266
chemically assisted ion-beam etching (CAIBE)

111
III–V compact lasers integrated onto silicon

(SOI) 195–197
– heterogeneously integrated edge-emitting

laser diodes 204–205
– – DFB and tunable lasers 209–211
– – Fabry-Perot lasers 205–207
– – heat sinking strategies for

heterogeneously integrated lasers
212–213

– – mode-locked lasers 207
– – proposed novel laser architectures

211–212
– – racetrack resonator lasers 207, 208
– membrane bonding on SOI 197–199
– – adhesive bonding 199–201
– – direct bonding 201, 202–203
– – substrate removal 203, 204
– microdisk and microring lasers 213

214–215
– – dynamic operation and switching

219–225
– – microdisk lasers design 215–217
– – static operation 217–219
composite gain waveguide (CGW) 4

composite metallo-dielectric-gain resonators
4–5

– composite gain-dielectric-metal 3D
resonators 7–9

– composite gain-dielectric-metal waveguides
5–7

continuous wave (CW) operation via
nonradiative recombination reduction
66–74

coupled-cavity waveguide (CCW) 101–102
coupled mode theory (CMT) 78

d
density matrix 259, 260, 269
distributed Bragg reflector lasers 209
distributed feedback (DFB)-like photonic

crystal waveguide lasers 100–102
distributed feedback lasers 209
DVS-BCB (divinylsiloxane-bis-

benzocyclobutene) 199–200
dynamic operation and switching
– all-optical set-reset flip-flop 219–220
– direct modulation 219
– gating and wavelength conversion

221–222
– microwave photonic filter 224, 225
– narrowband optical isolation and reflection

sensitivity of microdisk lasers 222,
223–224

– phase modulation 224

e
edge-emitting PhC lasers 77
electrical injection 93, 94, 96, 97, 99, 100,

102, 125, 135
electrically pumped subwavelength

metallo-dielectric lasers 13
– cavity design and modeling 13–17

Compact Semiconductor Lasers, First Edition.
Edited by Richard M. De La Rue, Siyuan Yu, and Jean-Michel Lourtioz.
c© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.



298 Index

electrically pumped subwavelength
metallo-dielectric lasers (contd.)

– fabrication 17–18
– measurements and discussion 18–20
emission statistics 58
etching 10, 13, 17, 18, 20, 234, 240–242,

245, 248. See also vertical cavity
surface-emitting lasers (VCSELs)

exchange Bragg coupling laser structure 211

f
Fabry-Perot lasers 205–207
3D finite-difference time-domain (FDTD)

calculations 157
Finite Element Method 157
focused ion beam etching (FIBE) 283

285–287, 290, 292, 294
four-wave mixing (FWM) 259–260

g
graded photonic heterostructure (GPH) 129

h
heat sinking
– comparison between membrane and

bonded PhC laser 69, 70–71
– higher thermal conductivity 73–74
– through substrate 72–73
heterogeneously integrated edge-emitting

laser diodes 204–205
– DFB and tunable lasers 209–211
– Fabry-Perot lasers 205–207
– heat sinking strategies for heterogeneously

integrated lasers 212–213
– mode-locked lasers 207
– proposed novel laser architectures

211–212
– racetrack resonator lasers 207, 208
heterogeneously integrated multiwavelength

laser 210, 211

i
inductively coupled plasma (ICP) etching

111
injection-locked ring lasers 219
InP-Based PhC fine processing 68

l
laser diodes and quantum cascade lasers and

photonic crystal lasers 91–92
– mid-infrared and terahertz (THz) quantum

cascade lasers 112–114
– – microdisk quantum cascade lasers

114–116

– – surface emission and small modal
volumes 116, 117–131

– – THz QC lasers with truly subwavelength
dimensions 131–135

– near-infrared and visible laser diodes 93
– – microcavity lasers 93–98
– – nonradiative carrier recombination in

photonic crystal laser diodes
109–112

– – photonic crystal surface-emitting lasers
(PCSELs) 106–109

– – waveguide lasers in substrate approach
98–106

lasing region 24
light cone 38
light–current (L–I) curves 274–275
linear rate equation model 52–53

m
membrane device 70, 71
micro/nano cavity based PhC lasers 36
– lasers based on 2D PhC cavities 36–44
– lasers based on 3D PhC cavities 44–46
microcavity lasers 93–98
microdisk 232
– and microring lasers 213, 214–215
– – dynamic operation and switching

219–225
– – microdisk lasers design 215–217
– – static operation 217–219
microdisk quantum cascade lasers
– at mid-infrared wavelength 114–115
– THz waves 115–116
microwave photonic filter 224 225
mid-infrared and terahertz (THz) quantum

cascade lasers 112–114
– microdisk quantum cascade lasers

114–116
– surface emission and small modal volumes

116, 117–131
– THz QC lasers with truly subwavelength

dimensions 131–135
mid-infrared quantum cascade lasers
– with deeply etched photonic crystal

structures 116, 117–121
– terahertz (THz) 2D photonic crystal

quantum-cascade (QC) lasers
123–131

– with thin metallic photonic crystal layer
121–123

mode coupling 259, 278, 294
mode-locked lasers 207
multimode analysis 259, 260



Index 299

n
nanoscale metallo-dielectric coherent light

sources 1–4
– composite metallo-dielectric-gain resonators

4–5
– – composite gain-dielectric-metal 3D

resonators 7–9
– – composite gain-dielectric-metal

waveguides 5–7
– electrically pumped subwavelength

metallo-dielectric lasers 13
– – cavity design and modeling 13–17
– – fabrication 17–18
– – measurements and discussion 18–20
– subwavelength metallo-dielectric lasers

experimental validations for operation at
room-temperature 9–10

– – characterization and testing 11–13
– – fabrication processes 10–11
– thresholdless nanoscale coaxial lasers

20–22
– – characterization and discussion 23,

24–27
– – design and fabrication 22–23
near-infrared and visible laser diodes 93
– microcavity lasers 93–98
– nonradiative carrier recombination in

photonic crystal laser diodes 109–112
– photonic crystal surface-emitting lasers

(PCSELs) 106–109
– waveguide lasers in substrate approach

98–106
nonlinear gain 259, 266, 271, 279
nonlinearity, in semiconductor microring

lasers 257–260
– general formalism
– – fundamental equations 260–265
– – generalized equations in matrix form

270–272
– – third order susceptibility and polarization

265–270
– numerical results, for microring lasers

272–274
– – experimental results for racetrack shaped

SRLs 281–283
– – lasing direction hysteresis 277,

278–280
– – L–I characteristics 274–275
– – temporal dynamics and lasing spectra

275–277
– numerical results, for unidirectional

microring lasers 283

– – feedback strength impact on
unidirectional SRL operation
287–293

– – unidirectional SRL 284–287
nonradiative carrier losses 240–242
nonradiative carrier recombination in

photonic crystal laser diodes 109–112
non-radiative lifetime 55

o
optical bistability 259
optical feedback 271, 283 287, 289 291, 292

294
out-coupling, through surface emission

directionality control 75–76

p
passive optical waveguides through epitaxial

regrowth 78–80
III–V PhC lasers heterogeneously integrated

onto SOI waveguides circuitry 80–82
photoluminescence region 24
photonic band-gaps (PBGs) 33, 35, 181–185
photonic crystal lasers. See also individual

entries 33–34
– characteristics 52
– – dynamics 60–65
– – rate equation model and PhC laser

parameters 52–55
– – stationary regime in PhC lasers 55–60
– design and fabrication 35–36
– – micro/nano cavity based PhC lasers

36–46
– – slow-light based PhC lasers 46–52
– isssues to be solved and partially solved 65
– – continuous wave (CW) operation via

nonradiative recombination reduction
66–74

– – interfacing and power issues 74–82
photonic crystal surface-emitting lasers

(PCSELs) 106–109
photonic integrated circuits (PICs) 195, 196,

226, 231, 257
photonic modes 3
photon lifetime and active volume 53–54
plane-wave admittance method (PWAM)

158–166
plane-wave effective-index method 157
plasma-enhanced chemical vapor deposition

(PECVD) 10, 17
pump–probe spatiotemporally resolved

thermo-reflectance technique 70
Purcell factor 21, 29, 54



300 Index

q
quantum dots 66–67
quantum electrodynamic (QED) effects

21–22
quantum wells (QWs) 67, 68–69, 149, 151,

168, 182–184
quantum wires 67

r
racetrack geometry microring lasers

249–251
racetrack resonator lasers 207, 208
radiative lifetime and spontaneous emission

factor 54–55
rate-equation model 25–27
– and PhC laser parameters 52–55
reactive ion etching (RIE)-lag effects in small

SRL devices 248–249
resonator mirrors 211–212
ridge waveguide lasers with photonic crystal

mirrors 103–106
ring laser 232–50. See also individual entries
ring-resonator based tunable laser 210

s
sampled grating DBR lasers 209, 210
scanning electron microscope (SEM) 13,

17–21, 23, 94, 97, 101, 104, 107, 109,
115–118, 121, 125, 126, 132, 134, 218, 220,
244, 245, 248–250, 281, 282, 288, 289. See
also photonic crystal lasers

Schawlow–Townes formula (modified) 60
semiconductor ring lasers (SRLs) 231. See

also nonlinearity, in semiconductor
microring lasers

– bending loss 238–240
– historical review of contributions to research

on devices 232–235
– junction heating in small devices 246–247
– microring and microdisk lasers with point

couplers 242–245
– nonradiative carrier losses 240–242
– racetrack geometry microring lasers

249–251
– reactive ion etching (RIE)-lag effects in small

devices 248–249
– waveguide design 235, 236–237
single mode and high side mode suppression

ratio (SMSR) 233
slow-light based PhC lasers 46
– 2D PhC DFB -like lasers
– – for in-plane emission 47–50
– – for surface emission 50–52
spatially diagonal transition 113

spectral hole burning (SHB) 266
spin-on-glasses (SOGs) 199
split-ring resonator (SRR) 133, 134
stable unidirectional SRL 286
surface emission and small modal volumes
– mid-infrared quantum cascade lasers
– – with deeply etched photonic crystal

structures 116, 117–121
– – terahertz (THz) 2D photonic crystal

quantum-cascade (QC) lasers 123,
125–131

– – with thin metallic photonic crystal layer
121–123

surface-emitting QC lasers 120
surface passivation of improved efficiency, in

PhC lasers 68, 69
surface plasmon polariton (SPP) 3

t
tapered fibers 76–77
terahertz (THz)
– 2D photonic crystal quantum-cascade (QC)

lasers 123, 125–131
– QC lasers with truly subwavelength

dimensions 131–135
threshold current 237, 241, 243, 245, 247,

250, 252, 253
threshold gain for 3D resonators 5
thresholdless lasers 57
thresholdless nanoscale coaxial lasers 20–22
– characterization and discussion 23–27
– design and fabrication 22–23
top and bottom-emitting photonic-crystal

VCSELs 170–173
transverse modes 149, 151, 152, 154, 156

185–187
two-mode model 258–259

v
Vernier effect 104
vertical cavity surface-emitting lasers

(VCSELs) 92, 106, 149–155
– enhanced fundamental mode operation

173–177
– highly birefringent and dichroic 177–181
– numerical methods for modeling 156–157
– photonic crystal depth impact on threshold

characteristics 166–169
– plane-wave admittance method (PWAM)

158–166
– top and bottom-emitting 170–173
– with true photonic bandgap 181–185
vertical outgassing channels (VOCs) 203



Index 301

w
wafer scale testing 231, 257
waveguide lasers in substrate approach

98–100
– α DFB lasers 102–103

– distributed feedback (DFB)-like photonic
crystal waveguide lasers 100–102

– ridge waveguide lasers with photonic crystal
mirrors 103–106

wire cavity laser 41–42




