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Preface

The semiconductor revolution, that began in the late 1940’s, enabled profound and unantici-
pated improvements in our standard of living. These artificial electronic materials, that control
the flow of electrons on a microscopic scale, remain a centerpiece of today’s micro-electronics
industry. Likewise, the invention of the laser in the early 1960’s, inspired the development of
artificial materials that mold the flow of light. The photonics industry has irrevocably en-
hanced the way we transmit information, through the replacement of electronic signals in
wires, with laser pulses in optical fibers. Along this course of scientific and technological
progress, it is tempting to ask whether there exists a photonic analogue of the electronic semi-
conductor micro-chip. This requires the design and fabrication of practical photonic materials
that can localize light and mold its flow on an equivalently microscopic scale. The collection
of articles in this book describes significant research developments in Germany towards this
objective.

Photonic band gap (PBG) materials are a novel class of photonic crystals that carry the
concept of molding the flow of light to the most microscopic level allowed by the laws of
physics. Consisting of dielectric microstructures with periodicity of roughly half the wave-
length of light, PBG materials scatter photons in a manner similar to the scattering of electrons
by the crystalline array of atoms in a semiconductor. The resulting gap in the electromagnetic
spectrum provides a unique environment in which unwanted pathways for electromagnetic
wave propagation are removed and desired ones can be selectively engineered, through de-
fects in the photonic crystal lattice. In this way, a PBG material provides a robust platform
for the integration of passive optical circuitry and active light emitting devices onto a compact
optical micro-chip. Moreover, the electromagnetic density of states on the optical micro-chip
can be engineered through suitable crystal defect architectures. This enables highly frequency
selective changes in the rate of spontaneous emission of light from atoms whose resonance
frequency lies within the engineered electromagnetic vacuum. This provides a new frontier in
the field of quantum optics. The possibilities outlined above have inspired a worldwide effort
to design, fabricate, and characterize a variety of different types of photonic crystals.

Research efforts in Germany have played a leading role in the worldwide effort to realize
the promise of photonic band gap materials. These include the fabrication of two-dimensional
and three-dimensional photonic crystals of unprecedented aspect ratio, in single crystal semi-
conductors such as silicon, using photo-electrochemical etching. These crystals have provided
a platform for pioneering optical experiments both within Germany and internationally. Other
novel photonic band gap architectures may soon be achieved through direct optical “writing”
using two-photon absorption and holographic lithography in a polymer-based template, fol-
lowed by replication (inversion) of the template with polycrystalline semiconductors. On the
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theoretical side, efficient modeling of electromagnetic wave propagation in complex defect
architectures is an essential prerequisite to the design and fabrication process. This prominent
role for theory is made possible through the essentially perfect applicability of Maxwell’s
equations to the optical properties of photonic crystals, without additional complicating inter-
actions such as electron-electron and electron-phonon interactions that arise in the electronic
properties of solids. Nevertheless the complex geometries of photonic crystal defect archi-
tectures and their concomitant light localization effects, call for the development of novel
computational approaches. One of these, described in this book, is the introduction of Wan-
nier functions (the optical analogue of localized atomic orbitals in solid state physics) as the
basis functions for electromagnetic wave propagation. These localized basis functions may be
indispensable for efficiently describing optical propagation within optical circuit architectures
of three-dimensional PBG materials. Finally, a number of practical applications of photonic
crystals is beginning to appear. Two particularly interesting and unique developments are the
use of photonic crystals as mirrors and couplers for practical III-V semiconductor based lasers
and the integration of a number of such lasers within a photonic crystal micro-chip.

It is clear from the above illustrations that photonic crystal research in Germany has pro-
vided a number of important, first-of-its-kind in the world, achievements. This book provides
the reader with a valuable introduction to a number of these developments and an overview of
a number of other emerging research directions.

Sajeev John

Toronto, December 2003
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350 Index

chromatic 323
compensator 323
slope 323
W1–waveguide (SOI) 324

dispersion relation
strip waveguide 204

distributed feedback resonators 254
DOS

anisotropic model 26
band edge singularities 26
projected LDOS 24

effective 2D model 260
effective Hamiltonian 99
effective mass approximation 26
effective nonlinearity 7
effective parameters 256
elastic properties of liquid crystals 178
electrochemical deposition 171
electron beam lithography 187–189
electron cyclotron resonance (ECR) enhanced

etching 316
electron population 51, 54
electron–beam lithography 125
EM field continuity 134, 144
emission spectra 105
empty-lattice approximation 89, 93
equations

Maxwell–Bloch 256
etching 186, 188, 189

AlGaAs 318
chemically assisted ion beam (CAIBE)

316
electrochemical 63
electron cyclotron resonance (ECR) en-

hanced 316
inductively coupled plasma (ICP) 316
large area 65
SOI 318, 319

etching depth 291–293, 298–300, 302, 305
exciton 44, 53

binding energy 47
extinction 91

Fabry–Perot–resonances 74, 140, 142
FDTD see finite–difference–time–domain

calculation
ferroelectric liquid crystals 194
fiber technology 275

fiber–to–chip coupling 325
field computation

boundary elements 34
frequency domain 33

filling factor 157, 160
filter PL 136, 145–147
finite difference time domain 142–144, 273
finite element method 267
finite element solvers 312
finite–difference–time–domain calculation

36, 310
out–of–plane losses 292, 300, 305
PhC slab waveguide transmission 299,

300
PhC waveguide bend 296, 297

finite–height PhC see photonic crystal
fluorescent dyes 114
focal point 150
form factor 157
frequency domain propagation 313
full band gap 109, 127
functional colloids 114

GaAs, porous 64, 68, 81
gain 56
gas sensor 238
generalized Coulomb potential 46
gold nanodisks 87, 94, 104
grating

binary superimposed (BSG) 320
gratings

surface relief 247
group velocity 5, 239

dispersion 5

heterojunction 132, 134, 135, 142–144, 149,
151

heterostructures 125
high–delta fiber 266
hole population 51, 54
holey fiber 266
holographic lithography 154

ICP etching system 316
III–V semiconductors, porous 63, 68, 78
impedance matching 326
inductively coupled plasma (ICP) etching 316
InGaAsP

W1–waveguide 311



Index 351

InGaAsP/InP
superprism 320

inhomogeneous carrier populations 54
inifinite–height PhC see photonic crystal
inorganic colloids 110
InP, porous 64, 68, 78
interband polarization 49, 51
interconnectivity conditions 158
interface gap 132, 141, 143
interface minimum 141–144
interference lithography 247
interference pattern 155
inverted opal 37, 176, 183, 185
isophote 163
ITO 86

kp perturbation theory 5

laser 39
direct writing 161
multi-segment 318
semiclassical theory 256
widely tunable 318

lateral patterning 125
lattice

bcc 156
Bravais 156
fcc 156, 158
hexagonal 66, 67, 79
honeycomb 67
real space 156
reciprocal 156
simple cubic 76
square 67

layer-by-layer
deposition 138, 151
structure 165

LDOS 24, 35, 38
leaky modes 268
light cone 93
light–matter interaction 44, 49
linear absorption 47, 53
local density of states 5
localized functions 267
loss see microwave material, 280

factor 199
measurement 209
per medium wavelength 199
scattering 209

losses
W1–waveguide 309

low loss materials 289, 290, 305

macroporous silicon 228, 241
Markov approximation 30
matching

phase, spot, impedance 326
material see microwave material, dielectric

constant
Maxwell’s equations 199

scaling the dielectric constant 200
scaling the structure 198, 200

metallo–dielectric
grating 10
photonic crystal 85

microcavity 75, 176, 190, 193
microreplication 247
microresonators

and fabrication quality 230
and SNOM 228, 233

microwave 198
coaxial feeder 205
equipment 203
material 201
measurement 203, 204, 207, 210, 211
vector network analyser 203

mirror
scattering matrix 208

mode field 281
modes 268
moving meniscus 123
multi–photon

absorption 163
polymerization 162

multi–scale
analysis 256
approach 7

multipole expansion 267

nanoimprinting 67
nanoparticle arrays 87, 94
nanowire arrays 90, 97
nematic phase 179, 187
Niobiumpentoxide, Nb2O5 291–293, 304,

305
non–silica 278
nonlinear absorption 56
nonlinear polarization 6



352 Index

nonlinear Schrödinger equation 7
numerical aperture 280
numerical modeling 135
numerics

FDTD 202
FE 202

opal, artificial 109

particle plasmon 86
patterned substrates 125
PDLC see polymer-dispersed liquid crystals
perfectly matched layer (PML) 272, 310
permittivity see microwave material, dielec-

tric constant
phase matching 326
photobleaching 298, 302, 303, 305
photoinitiator 155
photonic band gap

complete 76, 77
photonic band gap fiber 266
photonic crystal 189, 190, 241

1D 26, 78
2D 69, 70, 78, 79
2D crystal 33
2D finite–height

line–defect waveguide 210
line–defect waveguide loss 212
measurement 212
microwave model 210

2D inifinite–height
band diagram 211
measurement 211
microwave model 211
transmission 211

3D 75, 81
bulk 70
circuit 19
finite 72

photonic crystal fiber 266
photoresist (SU–8) 155
PL intensity ratio 146, 149
planar defect 133, 134
planar photonic crystals 187, 193
plane wave expansion 267
plane wave method 3
plano-convex lens (Si) 326
plasma enhanced chemical vapor deposition

(PECVD) 317

polariton splitting 96, 97
polyelectrolyte multilayers 117
polymer 297–299, 301, 302
polymer colloids 111
polymer–dispersed liquid crystals 185
polymerization

cationic 155
radical 155

polymers
conjugated 247

pore
crystallographical 79
currrentline 79
diameter modulation 75, 81

post–exposure bake 158
preform 275
propagation constant 268
propagation loss of slab waveguides 289

quantum cascade lasers 245
quantum electrodynamics (QED) 24, 29
quantum optics 23

multiphoton states 32
strong coupling 28
weak coupling 24

quantum well 47, 53
quantum wire 55

radiated power 148
radiation losses 290, 305
Rayleigh

anomalies 87, 92
scattering 289

reflection 11
reflection spectrum 167
refractive index 112

high 289
moderate to low 289, 290, 297, 299,

302, 304, 305
negative 314
tuning of 297, 305

replica 127
resonance fluorescence 28, 32
resonant condition 133
resonator 290, 301–303
rotating wave approximation 29

saturation threshold 132, 147–149
scaling see Maxwell’s equations
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scattering matrix 8, 90, 99, 203
mirror 208
transmission line 208

sedimentation 120
self energy 49
self–organization 66, 67, 79, 81, 109, 132,

133, 151
semiconductor 174, 186, 187

Bloch equations 50
laser 57
organic 247

sensor 238
shrinkage 158
silica 280
silicon

macroporous 63, 64, 70, 75, 185–187,
192

mesoporous 64, 66
Silicon CVD 169
silicon optical bench (SiOB) 326
slowly varying envelope approximation 8
SNOM

and interferometry 222
and manipulation of sample 234
and pulse tracking 223
influence of probe 233
modes 218
principle 216
prism 219
resolution 229
shear force control 218
whispering-gallery resonators 220

SNOM and photonic crystals
comparison to FDTD models 230
fabrication quality 230
measuring waveguide loss 228
scattered light 225
theoretical treatments 225
waveguide bends 227

soft bake 158
SOI

etching 318, 319
W1–waveguide 310

source PL 136, 145–148, 150
spontaneous emission 24

nonexponential decay 29, 32
optical tuning 28

spot 326
strong coupling 94

superprism 290, 291
InGaAsP/InP 320

surface-plasmon polaritons 85
surfactant free emulsion polymerization 112

taper 240, 326
template infiltration 168
thermal stability 112, 114
thermalization 58, 61
thin opal film 133, 135
threshold

dose 155, 157
irradiation 155

time–dependent Hartree–Fock approximation
50

time-harmonic analysis 313
tolerancing 312
transition

between strip and PhC waveguide 209,
212

translational symmetry 156
transmission 11, 278

line see scattering matrix, transmission
line

spectrum 161, 167
trigonal structure 158
tunable

band gap 174
laser 318
resonance 190

tuning 28, 245
two dimensional crystallization 121

ultrafast dynamics 101
umbrella–like configuration 158
uncoupled bands 12

voxel 163

W1–waveguide 309
dispersion (SOI) 324
InGaAsP 311
SOI 310

Wannier functions 13
wave packet dynamics 61
waveguide 17, 74, 94

bend 20, 290, 295–297, 305
coaxial feeder 205
dispersion of strip 204


