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Abstract We review recent developments in three-dimensional photonic crystals. State of the art
fabrication methods, such as layer-by-layer micromachining, self-assembly and various
etching, lithographic and holographic techniques are discussed. We present an overview of
optical studies of photonic band gap formation, such as reflectivity, transmission and time-
resolved pulse propagation experiments. The fundamental issues associated with disorder
and absorption are also considered. Progress towards the ultimate goal of full spontaneous
emission control is reviewed. Finally, remaining open questions are summarized. To cite
this article: A.F. Koenderink et a., C. R. Physique 3 (2002) 67—77. O 2002 Académie des
sciences/Editions scientifiques et médicales Elsevier SAS
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Les cristaux photoniques tridimensionnels : une cage pour la lumiére

Résumé Nous examinons les développements récents dans le domaine des cristaux photoniques
tridimensionnels. Nous présentons et discutons des méthodes de fabrication parmi les plus
avenceées, telles que le micro-usinage couche par couche, |’ auto-assemblage et les diverses
techniques de gravures, lithographies, holographies. Nous donnons une vue globale des
études optiques visant & mettre en évidence la formation de gaps photoniques, telles que
laréflectivité, latransmission et les études de propagation d’impulsion résolues en temps.
Les questions de fond soulevées par la présence du désordre et de I’ absorption sont aussi
considérées aleur tour. Nous passons en revue les progres faits vers le but ultime, a savoir
le contréle total de I’émission spontanée. Finalement, les questions restant ouvertes sont
résumées. Pour citer cet article: A.F. Koenderink et al., C. R. Physique 3 (2002) 67-77.
O 2002 Académie des sciences/Editions scientifiques et médicales Elsevier SAS

bande interdite photonique / micro-photonique / micro-fabrication / diffraction aux
rayons X / émission spontanée / optique quantique / diffraction / diffusion

1. Introduction

Thereis afast growing interest in photonic crystals: two- or three-dimensional (3D) periodic composite
materials with typical length scales a matching the wavelength of light A [1,2]. The essential optical
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Figure 1. Photonic density of states (DOS) of an fcc inverse
S opal of ar indielectric with e = 11.9 as a function of
Yé normalized frequency wa /(2 c). With its strong
0.5 modulations, the DOS differs widely from the quadratic
dependency in a homogeneous system. The photonic band
gap istherange of zero DOS near wa/(2r¢) =0.8. The
right panel shows the complex dispersion relations for wave
0.0 0.0 vectors between the high-symmetry points X, U, L, T", X, W,
“6 4 2 0 : and K that areindicated by the vertical lines.

74 VAN

2T
N\

wa/2nc

properties of photonic materials are determined by the spatially varying refractive index, analogous to
the periodic potentia for an electron in a crystal. The interaction between light and a photonic structure
can be gauged with a photonic ‘ strength’ parameter W, defined as the polarizability o per volume v of each
scattering unit. If W islarge, e.g. near atomic resonances or dueto large refractiveindex variations, multiple
scattering dominates the linear and non-linear optical properties[3].

The main ‘raison d’étre’ for 3D photonic crystals is to provide a ‘ photonic band gap’. At frequencies
insidethe band gap, the density of states (DOS) is zero in these structures because Bragg diffraction prevents
propagation of light in any direction (Fig. 1). Therefore, photonic crystals should play an important rolein
quantum optics and cavity QED, asillustrated by the original paper of Yablonovitch [4]. Probably the most
eagerly awaited phenomenonis complete inhibition of spontaneousemission: excited atomsinsideacrystal
with their transition frequencies tuned to the band gap cannot emit photons, since vacuum fluctuations
are suppressed by the band gap [4-6]. In the presence of controlled disorder, Anderson localization of
light occurs [7]. In this case a photon is caged at a defect, since it is unable to traverse the bulk of the
photonic band gap crystal. Such a defect serves as a cavity with a high quality factor [8]. In addition,
spectacular modifications of quantum optical dynamics have been predicted such astransparency, fractional
localization, or (multi-) photon—atom bound states [9-11]. In this dossier, we review the current status of
experiments on 3D photonic crystals, starting with the fabrication aspects.

2. Synthesis of 3D photonic crystals

The synthesis of photonic band gap crystals continues to be a rich problem after over a decade of
work. This may come as a surprise since the first photonic band gap material was created a few years
after the first theoretical paper on photonic crystals. However, this photonic crystal functioned in the
microwave range [12]. A main goal of the field is the fabrication of photonic band gap materials at optical
frequencies, which will alow both fundamental studies and industrial applications to go forward. The
numerous fabrication methods adapted to achieving this goal can roughly be categorized into three groups:
layer-by-layer fabrication; self-assembly using mostly colloidal particles; and etching by lithographic and
holographic techniques. In some cases, the power and flexibility of these methods may be increased by
casting the high index photonic crystal from alow index template. While photonic band gaps have recently
been claimed at near IR wavelengths [13-16], the challenges of disorder and finite size effects, as well as
the inherent difficulty of proving the existence of a photonic band gap |eave the field of fabrication open for
new ideas.

2.1. Layer-by-layer micromachining

The layer-by-layer fabrication approach has alowed fabrication of photonic crystals for near-IR
frequencies from high-index semiconductors. A diamond symmetry may be achieved, which should result
in band gaps in the frequency range of first order Bragg diffraction. Lin and collaborators created a
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Figure 2. () Scanning Electron Micrograph (SEM)
of alayer-by-layer micromachined woodpile
structure from reference [14], courtesy of Susumu
Noda. (b) SEM of aTiO inverse opal, from
reference [27]. (¢) SEM of a 3D photonic crystal
template in photoresist produced holographically,
from reference [31], courtesy of Andrew Turberfield.
(d) Typical SAXS pattern from an inverse opal, from
reference [27]. Scalebars represent (a) 1 um,

(b) 0.5 ym and (c) 10 pm.

micromachined so-called ‘woodpile’ arrangement [13]. In this technique, the periodic array is build up
by depositing lines of polycrystalline silicon into micron sized SiO» trenchesin successive layers. Once the
structure is built up, the SIO5 is removed with HF leaving a silicon—air photonic crystal. Noda et a. have
produced photonic crystalsin GaAs using asimilar layering concept (Fig. 2a) [14]. These photonic crystals
are created by carefully aligning, stacking, and fusing prefabricated GaAs wafers.

These techniques are powerful because they use known semiconductor fabrication techniques and
produce high-¥ photonic crystals. Also, there is considerable freedom to choose the structure. This
freedom may allow certain waveguide geometriesto beintroduced into the photonic crystal for applications
purposes [17]. One current issue is the rather limited thickness that can be achieved, and it may be a
challenge to fabricate optical circuits within each layer. Other approaches to layer-by-layer fabrication
may overcome some of these restrictions. For example, using autocloning bias-sputtering, Kawakami and
coworkers have deposited 2D periodic patterns, one layer at time, to build up a 3D structure [18]. When
combined with an e-beam lithography etch step, a wide photonic band gap is expected.

2.2. Self-assembly

Self-assembly of colloidal crystals results in truly 3D periodic arrays, easily reaching hundreds of
microns of thickness, thus solving the thickness issue mentioned above. While the existence of such
colloidal crystals or opals has been known for a long time [19], the use of such structures as photonic
crystals per seis limited by a low photonic strength W. A major step forward has been the recent use of
self-assembl ed structures astemplates for high index materials[20-23]. Seefor reviewsreferences[24—26].
Inour group, highly ordered ‘ inverseopals are created viaprecipitation of TiO, from atetra-propoxy-titane
precursor infiltrated into alatex opal, and subsequent removal of the template by calcination (Fig. 2b) [27].
Inverse opal swith higher index materials such as silicon have been fabricated by chemical vapor deposition
onto silicaopals[15,16]. Such innovationsin 3D templating can be applied to awide variety of fabrication
schemes. While inverse opal s offer an elegant solution to the problem of size, they are accompanied by their
own challenges. Widely used colloids with a hard-sphere like interaction potential have atendency to form
random stacks of hexagonal planes, a structure with intrinsic disorder along the c-axis. Charged colloids
as used in our lab, yield well-ordered crystals with the fcc arrangement [27], a structure that develops a
band gap in the range of second order Bragg diffraction (Fig. 1). Higher order gaps are relatively narrow
and sensitive to disorder, however, hence such photonic band gaps are expected to be fragile [28]. To date,
fabrication of adiamond lattice, and fabricating intentional defectsfrom colloidsremain openissues. Onthe
other hand, innovative surface deposition methods are being devel oped that yield crystalswith well-defined
thickness, morphology, orientation, or shells[16,29,30].
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2.3. Etching, lithography, holography

Various etching and other lithographic techniques may be used to create a periodic structure by removing
material from a solid block. These techniques have the potential to combine the size of the colloidal
crystal with the controlled order of layer-by-layer assembly. An elegant approach, recently described in
reference [31], uses afour-laser hol ographic method to create a 3D periodic interference pattern in a block
of photoresist. The high intensity regionsin the interference pattern render the photoresist soluble, allowing
the 3D periodic template to be formed (Fig. 2¢). TiO2 inverse structures can then be formed from the
template. The holographic technique has the advantage of speed since the entire pattern in the photoresist
is created in nanoseconds. Also, a variety of crystal structures can be created by varying the orientation
and polarization of the four laser beams. It remains to be tested to what degree ideal defect-free structures
can be experimentally realized, how absorption of the laser beams affects uniformity in thickness, and how
intentional defects and waveguides could be incorporated in the structure. Direct techniques for carving
diamond structure and other 3D structures from a solid block of material using X-ray lithography [32] and
focused-ion-beam etching [33] have also been recently reported. Modul ated photo-electrochemical etching
in silicon has yielded an interesting simple hexagonal structure[34].

2.4. Structural characterization

Since the structure of photonic crystals is defined on the scale of hundreds of nanometers, scanning
electron microscopy (SEM) isideal for characterizing surfaces and cross sections of samples (Fig. 2, a—<).
Understanding the 3D degree of order, however, is essential for the interpretation of optical experiments,
but requires innovative techniques. Recently, we have initiated small angle x-ray diffraction experiments
to identify the crystal structure of colloidal crystals, opals, and inverse opals unambigously as fcc and to
determinethe content of the unit cell (Fig. 2d) [27,35]. In addition, essential parametersthat gauge disorder
were quantified: the size polydispersity of colloids[36] and for thefirst time of macroporesin inverse opals
[27]. The variations were within the theoretical limits for retaining a photonic band gap in the presence of
disorder [28]. Moreover, particle displacementsin colloidal crystals werefound to decrease with increasing
density, and were smaller than theoretically predicted [37]. Thus, small angle X-ray diffractionisapowerful
tool to study the structure of 3D photonic crystals, and the method is complementary to microscopy since
it yields parametersthat are otherwise difficult to access.

3. Optical studies of gap formation

The periodic dielectric structure of a photonic crystal givesrise to Bragg diffraction, which is associated
with the appearance of frequency gapsin the dispersion relation for certain propagation directions (Fig. 1).
The frequency width of the gapsincreaseswith increasing interaction W between light and the crystal. This
allows stop gaps associated with different sets of lattice planes to merge into a full photonic band gap for
sufficient dielectric contrast. Since stop gaps are the precursors to a photonic band gap, the study of their
optical propertiesis essential. The center frequency of the first order stop gaps, often used to determinethe
lattice spacing and average refractiveindex, iswell understood [38—40]. Theintrinsic width of the stop gaps
has been demonstrated to gauge the photonic interaction strength for colloidal crystals [41,42], or depend
on the thickness of hollow-shell crystals [43]. In addition, stop gaps strongly affect the propagation of
ultrashort optical pulses. An essentia aspect in understanding optical experiments, including spontaneous
emission from inside photonic crystals, is the scattering of light by defects and irregularities. Here we will
review several common techniquesto study gaps, and the first effortsto quantify the scattering by disorder.

3.1. Reflectivity

Gaps in the band structures of thick, strongly interacting photonic crystals are conveniently probed
by angle-resolved broad band reflectivity. In the first such study, on TiO, inverse opals, broad stop
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gaps were observed and their angular behavior was found to agree well with plane wave band structure
calculations[44]. It was concluded that for frequencies at the top of the fcc L-gap, the propagation of light
was limited to < 45% of all available directions. Similar broad reflectivity peaks have been observed by
other groups in inverse opals [45,46], and may be monitored in between the fabrication steps of inverted
opals[47].

Experiments on inverse opals at frequencies beyond the first stop gap yielded evidence of an intriguing
splitting of Bragg peaks, and a concomitant avoided crossing of stop gaps over a wide range of angles
and frequencies [48]. Theoretical analysis revealed that the phenomena were caused by interactions and
band repulsions between multiple Bloch modes in the crystals that yield coupled modes. Flat bands were
observed over aconsiderable wave vector range, and were identified as the precursor to band gap formation,
that is, when bands are dispersionless throughout the whole Brillouin zone. Avoided crossing of Bragg
peaks have also been observed in opals by Romanov et a. [49].

At frequencies in the range of the second order Bragg diffraction where the band gap is expected for
fecc crystals, peculiar triple reflection peaks have been observed in inverse opals by several groups[15,50].
Angle-resolved experimentsreveal ed that the reflectivity features are dispersionless throughout a range that
correspondsto the whole Brillouin zone. Such dispersionless behavior could be interpreted as evidence for
a photonic band gap, but a theoretical analysis revealed that this is rather the signal of strong coupling of
many Bloch modes, that even occurs in absence of a band gap. Moreover, the triple peak structure was
identified with high-order stop gaps[50].

A diffraction peak is theoretically expected to have aflat top with 100% reflectivity, that abruptly falls
off at the edges [51]. The width of the top is equal to the width of the stop gap, and the full width at half
maximum (FWHM) isonly dightly larger. In presence of extinction, diffraction peaks become rounded and
asymmetric with maximaless than 100%. The FWHM, however, remainsthe same, thereforeitisareliable
measure of the widths of stop gaps for crystals with extinction [43,44,48]. In most measurements, many
crystal domains of a sample areilluminated by coarse white light beams. Reflectivity spectra usually differ
from the expected peak shape due to extinction by imperfections such as mosaic spread, grain boundaries,
surface roughness, or polydispersity of the unit cell components, which scatter light diffusively. In cases
where reflectivity was calibrated [44,48], the maxima of the peaks were considerably less than 100%. Care
should be taken to avoid broadening of the diffraction peaks, which may be caused by strain, or finite-sized
crystal domains[51].

Recently, square-top peaks with near-unity reflectivity have been established at normal incidence, by
using optical microscopy to focus on single-crystal opals [52]. In this way, the photonic width of the
peak is best estimated, since structural effects are most effectively removed. For thin samples with parallel
front- and back planes, the main reflectivity peak is accompanied by numerousfringes, as shownin Fig. 3.
Interestingly, the frequencies of these Fabry—Pérot-like resonances map the dispersion relation, since they

Figure 3. Single-domain reflectivity
measurements on opals revea reflectivities
close to unity and Fabry—Pérot fringes
resulting from the paralel front and back
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occur at equidistant k-points [52,53]. Single crystal angle-resolved experiments have been done on inverse
opals in reference [54], yielding reflectivity up to 95% and a small mosaic spread of < 3°. The angle-
dependent widths were found to agree with earlier coarse-beam experiments, hence the inhomogeneous
broadening in the crystalsis small.

3.2. Transmission

Transmission measurements have been used succesfully to probe stop gapsin weakly photonic crystals
[41,55-60] and in strongly interacting thin crystals [13,14,61]. Stop gaps are apparent as decreased
transmission over a range of frequencies. In experiments on impressive GaAs layer by layer structures,
Noda et al. observed deep stop gaps with up to 40 dB attenuation at normal incidence, and 7 dB over the
full range of the expected band gap [14].

Aninteresting quantity that may be probedin transmission isthe Bragg attenuation length for frequencies
within a stop gap. This penetration depth of the incident beam can be determined from the transmission as
afunction of the number of crystal layers, and is predicted to be less than 10 crystal layers for frequencies
at the gap center of strongly interacting crystals. Surprisingly, several studies of weakly photonic samples
have reveal ed attenuation lengthsin excess of the theoretical value by afactor 2 to 5, although the stop band
edges agreed well with calculations [58,60]. While the mechanism is not well understood quantitatively, it
is suspected that the Bragg attenuation length depends sensitively on the amount of diffuse scattering, in
contrast to the stop gap edges.

Transmission experiments are complementary to reflectivity: in a transmission measurement, the beam
passes through the whole sample, including possibly different crystallites which may be differently
oriented [41]. In a reflectivity experiments only the first crystal planes near the surface are probed.
Differently oriented crystallites do not add to the reflectivity, but do cause significant inhomogeneous
broadening of stop gaps in transmission. Furthermore, outside stop gaps, transmission versus frequency
usually decreases similar to Rayleigh’'s law due to scattering by defects [58,62,63]. Consequently,
transmission measurements seem well-suited for the study of samples thinner than a mean free path ¢,
described below.

3.3. Time-resolved measurements

Time-resolved experimentsare essential to investigate the dynamicsof el ectromagnetic fieldsin photonic
crystals. At the edges of photonic stop bands, the dispersion curves become highly dispersive. As aresult,
a considerable slowing down and reduction of the group velocity has been observed in opals and colloidal
crystals, using ultrashort pulses [64,65]. In a phase-sensitive ultrashort-pul se interferometric experiment,
the group velocity dispersion has also been measured. It was observed that this dispersion diverges near
stop band edges, with branches of both normal and anomal ous dispersion, whereas the dispersion vanished
inside the stop band [42,65]. In analogy with electrons, the group velocity dispersion may be interpreted as
an ‘effective photon mass’, that also diverges near gaps [66]. An interesting feature of the group velocity
dispersionisthat it allows the mapping of photonic gaps without any theoretical modeling, in contrast to al
other methodswe are aware of. Consequently, thistechniqueis expected to be powerful for theidentification
of photonic band gap, certainly in the case of structures with complex optical behavior [15,16,50] such as
the ubiquitousfcc structure.

3.4. Disorder and absorption

Apart from the fundamental interest in the study of Anderson localization [67] of light in disordered
photonic band gap materials[7], scattering by defectsisrelevant for the understanding of light propagation
in al real photonic crystals. The length scale which characterizes the degree of disorder is the transport
mean free path ¢, which is the distance over which light propagates before its propagation direction is
randomized by scattering. The relevance of £ has aready been pointed out in the discussion of transmission
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Figure 4. The diffuse intensity shows an enhancement due to
interference in the backscatter direction, known as the
enhanced back scattering cone. For an opal of polystyrene
spheresin air with radius » = 180 nm the transport mean free
path, found from the FWHM of the cone, is¢ = 15+ 2 um.
Theinset shows a closeup of the top of the cone, whichiis
cusped for infinite nonabsorbing samples. The rounding
relative to the cusped fit, here limited by the angular
resolution, provides an upper bound to the sample thickness -50 -25 0 25 50 75
and absorption length. From reference [68]. Angle (mrad)

1.8

—
Q

Backsc. intensity
N

experiments, and it also plays an important role in emission experiments. Regarding applications, the
disorder in photonic crystals must be controlled to the extent that ¢ remains larger than both the Bragg
attenuation length Lg and the sample thickness L, i.e.,, ¢ > L > Lp.

A convenient technique, originally developed in our lab, to study the transport of light in multiple
scattering media is enhanced backscattering. Fig. 4 shows that it can be used [68,69] to determine ¢ in
photonic crystals and probe the degree of disorder optically. Mean free paths of the order of £ = 10 ym are
found, about five times longer than Lg, hence the formation of Bragg diffraction and stop gaps is hardly
affected by disorder. We have found that ¢ is limited by polydispersity and mean-sgquared displacements
of ~ 2% [68], typical for state of the art structures. This result suggests that considerable improvementsin
crystal fabrication are required to achieve mean free paths long enough to permit extended optical chipsin
3D photonic crystals.

Optical absorption is detrimental for photonic band gap effects, which rely on multiple scattering and
interference. Because very long light paths are sampled near the top of enhanced backscatter cones (see
Fig. 4), i.e.,, many times the sample thickness, this method is aso well suited to investigate absorption.
From the sharpness of the cusp at 0° in Fig. 4, we determine an upper bound to the absorption length of at
least 0.5 cm, that is > 10* x A, or 10° x L.

4. Spontaneous emission

Since 3D photonic crystals fundamentally modify the DOS, it is natural to study their influence on
spontaneous emission. To this end, internal light sources such as excited atoms, quantum dots, fluorescent
molecules or thermal radiation sources are placed inside photonic crystals. In essence, such alight source
will experience two effects: (i) a change of the local density of states at its spatial position [70] that results
in a change of the radiative lifetime in a dynamic experiment or a change of total emitted power in a cw
experiment, (i) an angular redistribution of intensity due to stop gaps for propagation in certain directions.

The first effect has yet to be clearly observed. Several time resolved emission experiments in search
of lifetime changes in colloidal photonic crystals showed no modified emission rate due to insufficient
dielectric contrast of the crystals [71-74]. The study of a modified radiative rate necessarily involves a
suitable reference system, which provides the same chemical surroundings for the light source as well
as a quadratic photonic density of states. It has recently been shown that even in the absence of a band
gap, strongly interacting photonic crystals dramatically affect the total emitted power with large spatial
variations of the local density of states[75].

The second effect is commonly observed: an attenuation band appears when a stop gap overlaps the
emission spectrum [57,76-82]. These stop gaps may be extracted by comparing emission spectra for
different crystal orientations. As an example, emission spectra of a laser dye in a TiO, opa are shown
in Fig. 5A for various angles relative to the (111) reciprocal lattice vector. The attenuation band shifts
with angle from 14800 cm~1 to higher frequencies, in qualitative agreement with Bragg's law. For 60°
the attenuation band has shifted out of the emission spectrum. We extract the stop gap from the spectra

73



A.F. Koenderink et al. / C. R. Physique 3 (2002) 67-77

10 [ T T T 3
60°
45° (A)
25°
05} J
Figure 5. Emission from the laser dye Nile Bluein titania
AR inverse opasis strongly redirected, as demonstrated by the
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by normalizing the emission to this 60° spectrum, as shown in Fig. 5B. The attenuation bands appear at
the same frequencies and show similar behavior as afunction of angle as reflectivity peaks[82]. For large
angles « relative to the (111) vector, there appears to be a transition to a double stop band. The stop band
edges exhibit an avoided crossing as a function of «, which is the result of the (200) Bloch modes mixing
with the (000) and (111) modes, similar to what was discussed above for reflectivity measurements [48].

It is striking that the attenuation of spectra in stop band regions (see Fig. 5B) is far less than the
attenuation in typical transmission experiments [80,82]. Scattering of fluorescence by disorder plays
a crucia role in determining the measured luminescent spectra, hence the crystal does not simply act as
afilter. Light from internal sources can propagatein all but the stop gap directions, and percolates through
thewhole crystal by multiple scattering. Light may exit the crystal along astop gap directionif it is scattered
toward the detector at adistance within Lg from the crystal surface. Consequently, the degree of attenuation
along the direction of a stop gap is limited to about (1 — Lg/£) or 80%. In contrast, an external beam is
usually appreciably attenuated in transmission, since both diffuse scattering and Bragg diffraction along the
full sample thickness remove intensity from the incident beam.

5. Open issues

Theoretically, afull band gap, that is, zero DOS in some frequency window, is only defined for infinitely
extended, perfect structures. An important question is. which experimental signatures allow (reasonable)
proof of a photonic band gap in a carefully crafted structure? Several teams have observed overlapping
stop gaps over a wide range of propagation directions [13,14,61]. Omnidirectional stop gaps, although a
conseguence of a photonic band gap, do not necessarily imply the absence of all propagating modes, since
modes may exist that do not couple to the outside world [83]. It has been proposed that a photonic band
gap can be identified from cw emission spectra of internal sources[80], spontaneous emission dynamics of
such sources, or a measurement of group velocity dispersion for many directions [42].

It is of prime importance to limit the structural disorder such as size randomness, positional disorder
and roughness of the photonic crystal building blocks. Recent cal cul ations have addressed the effect of size
randomness and positional disorder on the photonic DOS [28], but we are unaware of any experimental
investigationsto date. The gap in the density of stateswhichideally occursfor fccinverse opalsis destroyed
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by positional disorder of ~ 2% of the lattice parameter, even for very high index contrasts. In contrast, the
first-order pseudogap is very robust. Therefore, the band gap in diamond structures are quite robust.

Many of the exciting phenomena predicted to occur in a photonic band gap material rely on the existence
of suitable luminescent sources with a high quantum efficiency. The requirement of a high refractive index
severely constrains the choice of material for a photonic band gap structure. In turn, this limits the number
of aternative light sources that are compatible with the photonic crystal backbone. For instance, in the
case of luminescent dyes, it is known that sensitization can occur, which must be prevented to allow a high
efficiency [84]. For each of the different materials and fabrication mechanisms, the design, position control
and pumping strategy remain unexplored territory to date.

We would like to point out that experiments designed to probe photonic crystals at frequencies near the
photonic band gap will be difficult to interpret due to the complex dispersion of photonic crystals, especially
at higher order where the gap is expected for fcc structures. Even the incoupling, dispersion and propagation
direction of pump and control beamsin optical experimentswill be nontrivial to control. Asmost reflectivity
and transmission experimentsto date have been limited to low frequencies, the experimental study of beam
propagation in photonic crystals at high frequenciesis urgently called for. A reward of such studies could
be the design of 3D beam-steering devices, such as superprisms.

In future experiments, near field optical microscopy techniques may provide novel insight in the mode
distributionsand local density of states near theinterface of photonic crystals. An exciting new experimental
challenge lies in the tuning and switching of photonic crystals. Impressive first experiments have already
been performed using liquid crystals [85-87], while new strategies have been proposed for ultrafast
switching of photonic band gaps [88,89]. If a photonic band gap is achieved, the next challenge is to
engineer line and point defects, which allow efficient waveguiding and high-Q cavities.
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