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Materials Aspects of Photonic Crystals**

By Cefe Lopez*

Photonics, the technology of photons (as electronics is the technology of electrons), promises
to be the new century’s driving force in the advancement of, mainly but not only, information
technology, such as communications and computing. This technology was initiated with the
advent of lasers and optical fibers that, for various reasons, embody the best choice of source
and channel of the information carrier: the photon. If the parallel with electronics is to be

further pursued, one soon realizes that many more components are needed not only in the

transport section of the technology but also, and principally, in the logic section: signal processing. An answer is promised to
many of these demands by the potentiality of the new photonics era: photonic bandgap (PBG) materials, otherwise known as
photonic crystals (PCs). In the present review a general perspective is presented on the state of the art in PC technology pro-
viding a broad audience-oriented description of fundamentals and properties.

1. Introduction

Although it seems that most of the notions relating to pho-
tonic crystals (PCs) are rooted in basic solid-state physics con-
cepts and are, then, well known, it is worth pointing out that
they were originally borrowed by solid-state physics from the
theory of electromagnetism and are, thus, returning to their
source. Although the concepts are well known we must con-
cede that there is still a long way to go in the materials aspects
of the problem. This imposes a clear need for the focus of this
compilation. Furthermore, we must also admit that, among
the approaches to the problem, the ones involving more mate-
rials issues and unknowns are the three-dimensional (3D) PCs
and the production methods other than those adopted from
microelectronics —very much two-dimensional (2D) technolo-
gies. For their idiosyncratic nature, colloidal systems lend
themselves to be used as natural starting points for the pur-
pose of creating and using PCs, and, as such, occupy an impor-
tant place in current research in this field. In their exploitation
and characterization, a broad range of techniques and differ-
ent sources of knowledge contribute, and the interdisciplinary
nature of the subject further enriches it. The review is thus
oriented to an audience of physicists, chemists, engineers, etc.
and tries to bring together concepts from various fields for the
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benefit of the widest possible audience. For instance, due to
their inherent porosity, these materials, and the techniques in-
volved, attract interest from other areas such as catalysis, tem-
plating other materials, etc. A whole wealth of materials prop-
erties are involved, which spring from their architectural
scale. From the molecular level, and up to the macroscopic
structure, micro- and mesoscopic regimes involve new proper-
ties, processes, and phenomena, like synthesis in new environ-
ments, mechanical, optical, electronic, magnetic, etc.

In his seminal paper of 1987 Yablonovitch!!! sensed that
“further materials development” might be required before
the benefits of spontaneous emission inhibition were fully felt.
Likewise, John!! suggested some materials that, based upon
their refractive index (RI), could provide a test-bed for the
study of strong localization of light. These two very different
approaches to a common subject revealed a consciousness of
the materials aspects in basic science. A huge effort has since
been devoted to developing materials and structures that
could support and expand their initial hypotheses. Besides,
because RI contrast is a key issue in this class of structures, a
materials controversy arises because higher RI materials pro-
vide better photonic bandgap (PBG) performance, but at the
same time impose higher scattering rates and, hence, losses.

In this paper, a review of recent developments in PCs will
be given, paying special attention to the materials aspects but
giving a general overview of the field. The paper is structured
as follows. This section serves as introduction of the basics,
aims, and applications. It will also deal with the main tech-
niques of characterization, namely, optical spectroscopy and
its fundamentals, and with the interpretation of results in
terms of photonic band structure. Section 2 is devoted to fab-
rication techniques reviewing different methods and leaving
the self-assembly approach, comprising synthesis of nano- and
micro-particles, assembly thereof, and posterior treatments,
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for Section 3. The latter includes a summary of various com-
posites that can be produced using opals as templates. Inverse
structures resulting from the removal of the opal backbone
are described with special emphasis on those materials with
the highest dielectric constant.

1.1. PBG Materials

Different approaches to a subject can illuminate and give a
broader perspective. For that reason several methods of tack-
ling the problem of scattering by periodic media are de-
scribed.

1.1.1. Background

PBG materials, generally called PCs, are a class of materials
or structures, rather, in which the dielectric function suffers a
spatially periodic variation. Of course, the length scale in
which the variation takes place (lattice parameter) determines
the spectral range of functioning of the PC and, as a rule of
thumb, the wavelength, at which the effects are felt corre-
sponds approximately to the lattice parameter. This can be
achieved by structuring a single compound, or by constructing
a composite made up of homogeneous materials with differ-
ent dielectric properties. Thus, a PC working in the optical
range of the electromagnetic (EM) spectrum will present a
modulation of the dielectric function with a period of the
order of one micrometer, one designed for microwaves should
be modulated with a period of some centimeters, and a PC for
X-rays should present a modulation of some angstroms, which
is a solid-state crystal. The most prominent feature of such
structures is that they present iridescences as a result of dif-
fraction. Some natural examples are the multilayered struc-
ture of pearls, the flashing wings of several insects,’! and nat-
ural opals.[4] The same effect appears in familiar man-made
objects such as compact disks.

When modeling the diffraction of light by a periodic medi-
um (actually an atomic crystal) as a layered structure, one
computes the phase difference accumulated by rays that suffer
scattering from different planes in the stack and adds up those
with a multiple of 2 (constructive interference). With a little
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more algebra this leads to Bragg’s law. A similar approach
yields the (equivalent) Laue formulation, and both give rise
to the concept of reciprocal lattice. This is a lattice (in the
wavevector space), all of whose points generate plane waves
with the periodicity of the direct lattice. This simple formula-
tion, as can be found in solid-state physics text books,"! pro-
vides a description of the scattering properties of the periodic
system in the form of sets of pairs (wavelength, direction) for
which the light does not enter the structure, but, rather, is
Bragg diffracted. For any given direction several orders of dif-
fraction may be considered, inspiring the idea of various
bands for a given wavevector.

The previous description is fairly well suited to the X-ray
scattering for which it was initially developed. Its validity re-
lies on the fact that the RI negligibly departs from unity, since
the energy of the photons involved is immensely larger than
the elementary excitations in the material (no absorption). If
this approximation is to be adapted to the optical range, a
model in which something more is said about the RI distribu-
tion is required.

The simplest such model might be a one-dimensional (1D)
periodic variation of the dielectric function. Fourier expan-
sions of periodic magnitudes become summations rather than
integrals. These summations contain a discrete (though infi-
nite) number of plane wave-like terms, each corresponding
(not by chance) to a vector of the reciprocal lattice. The di-
electric function can then be expanded in such a way, and so
can all other periodic magnitudes involved. If introduced in a
scalar wave equation, this leads to an expression for the wave-
vector as a function of energy. The interesting result is that,
for certain energy ranges—marked as stripes in Figure 1—no
purely real solutions exist and the wavevector has a non-van-
ishing imaginary part, which means that the wave suffers
attenuation and does not propagate (at least not through an
infinite crystal). The wavevector at which this happens is that
predicted by Bragg’s law, and the range of energies where k is
no longer real (but complex) is called the stop band. One
other interesting fact is that for this wavevector there are two
solutions (energies): one above and one below the gap, both
having the same periodicity but spatially shifted with respect
to each other. The stop band width is mainly determined by
the dielectric contrast: the greater the contrast, the wider the
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Fig. 1. Dispersion relation for a homogeneous material (light cyan dashed
straight line) and for a periodic material with the same average RI and period a.

gap. It also explains that even infinite crystals will present a
finite diffraction peak width as opposed to X-ray diffraction,
where peak width (AL/A~107) is mainly accounted for by
crystal size broadening (Scherer’s law). This very simple mod-
el can be further improved if we wish to consider the three
dimensions.”! If a single Fourier term in the expansion is
assumed to dominate the sum close to a diffraction, simple ex-
pressions are obtained that account for the width of diffrac-
tion peaks for common structures fairly well.’) Of course, the
assumption that only one term in the summation is non-negli-
gible limits the applicability to restricted energy ranges.

A parallel with the molecular orbital approach can also be
established. If we think of the tiles composing a PC as optical
atoms where (Mie) resonances can exist we can draw a picture
in which a band structure is built from single states. Let us
start with one scatterer (atom) and let us concentrate on one
of its resonances. If two such atoms approach one another,
they will eventually start interacting, and their resonances will
split and produce two new common states (molecular orbit-
als). If more and more atoms are added in an ordered fashion,
new states will be produced, and bands of tightly packed
states will emerge. If the atoms are arrayed in a periodic fash-
ion, translational symmetry will provide a quantum number to
label the states: the k wavevector. The various resonances give
rise to various bands, like in semiconductor physics the differ-
ent atomic orbitals give rise to different bands in the solid.!
Of course, interaction between states dilutes the initial char-
acter of the optical resonance.

So far, we have only described the EM field as a scalar
wave. Additionally, only a single reciprocal lattice vector has
been taken into account at a time in the Fourier expansions.
A more rigorous treatment is then required that accounts also
for all possible effects associated with the vectorial character
of EM radiation. This was done for the first time by expanding
the EM fields in plane waves and solving the Maxwell equa-
tion exactly—no approximations assumed—in a numerical
fashion for periodic arrangements of spherical atoms in face
centered cubic (fcc)®! and diamond lattices.!"”

After a little manipulation, Maxwell equations can be re-
duced to a wave equation of the form:

w2

! “ H(r) (1)

— H —
V x L(r)v X (r)}
which is an eigenvalue problem for H(r), the magnetic field. It
can be shown that the operator acting on the H(r) field
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(@=V x1/e(r) x) is Hermitian, and, as a consequence, its ei-
genvalues are real and positive. These are the very properties
of a Hamiltonian in quantum mechanics that offer the possi-
bility to derive many properties therefrom and think of PCs in
solid-state physics terms. A more detailed description can be
found in the book by J. D. Joannopoulos et al.'! Since e(r) is
periodic, we can use Block’s theorem; we also expand all fields
in plane waves. After some more algebra, this equation is re-
duced to a matrix diagonalization problem, whose eigenvalues
are the photonic bands, that is, lists of pairs of the kind (w, k),,
that can be viewed as successions (labeled by n) of energies w
for every wavevector k, or series of functions w,(k). It is par-
ticularly important to realize that this wavevector k can be
(and is often) confined (in plotting band diagrams) to the first
Brillouin zone (BZ): a region of reciprocal space closer to the
origin than to any other reciprocal lattice point. This is sche-
matically depicted in Figure 1, where energy dispersion is
folded back into the BZ by subtracting some reciprocal lattice
vector. The EM energy is proportional to the dielectric func-
tion and the electric field squared, thus accounting for a differ-
ence in energy despite a similar distribution of electric field.
An EM field stores more energy if it has extrema (rather than
nodes) at the regions of higher dielectric function so that lower
energy states concentrate in high dielectric function regions.!"”!
It should also be pointed out that the periodicity of the system
transforms the wavevector (or momentum for that matter)
conservation rule into a requirement that, in a scattering pro-
cess, the wavevector must change by a reciprocal lattice vector
G. This acquires importance when analyzing scattering pro-
cesses, where momentum must be conserved and, thus, incom-
ing, ki,, and outgoing, k., momenta must satisfy kou —kin = G.
Eventually, this may reduce to the ordinary ko = k;, for G=0.

This is universally acknowledged to be the correct descrip-
tion of the photon states in a periodic medium. It is soon real-
ized that, in these systems, much more restrictive conditions
for gap appearance are faced than in the case of electrons in
solids.'™! There is yet another subtle difference, in that for
photons there is no length scale involved as a Bohr radius.
This lack of an absolute length scale makes the physics of PCs
scalable: resizing the system resizes the energy in such a way
that the spectrum in units of c/a independent of size (c being
the speed of light and a the system lattice parameter). Since
w/(2mtc/la) =all, it is customary to use such units to measure
the energy. Besides the scalability in space there is a scalabil-
ity in dielectric function: there is no fundamental scale for e.
Two systems whose dielectric functions scale by a factor,
&(r) = £(r)/s* have spectra scaled by the same factor: o’ =saw,
which means that increasing the dielectric function by four de-
creases the energies by two.

The foregoing analysis can be summarized by saying that
the propagation of waves in periodic media is peculiar in that
it breaks the otherwise linear dispersion relationship into
bands (of propagating waves) and gaps (where propagation is
forbidden).

Periodicity can be made to occur in one, two, or three direc-
tions. Most of the properties discussed so far are independent of
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dimensionality and are well exemplified by sticking to 1D sys-
tems. Such systems, extensively used in optical applications, are
called Bragg reflectors, and consist of stacks of alternating high
and low RI transparent materials that base their superiority
over metallic mirrors on their reflectance without dissipation.

There are however certain aspects that might require some
inspection when more dimensions are considered. 2D systems
are used more and more often for micro-photonic applications
and consist of periodic repetitions of objects in a 2D arrange-
ment, like, for instance, rods periodically arranged parallel to
one another. In this case, the dielectric function varies peri-
odically in a plane perpendicular to the rods’ axes but it is in-
dependent of the position along the axis. 3D systems present a
modulation in the third direction, like in a stack of spheres.
Since the energy spectrum is directionally dependent, a gap
found in one direction will not be a real gap if there are states
in other directions within this energy.

1.1.2. The Band Structure

Let us now turn to some aspects of the band structure that
will help in interpreting optical spectra later on. For this, good
starting points are introductory solid-state physics text books
and specialized sources, such as the book by K. Sakoda,[”] but
we shall summarize the most important results.

A typical 3D dispersion diagram is shown in Figure 2. The
x-axis represents momentum and the y-axis represents energy
measured in very convenient adimensional units: a/A, where a
is the lattice parameter. The different panels composing the
diagram represent paths between important (high symmetry)
points (labeled X, U, L, etc.) in reciprocal space, which (not
by chance) happen to be the midpoints of the segments join-
ing the origin to its nearest neighbors in the reciprocal lattice,
and thus represent propagation directions.

Panels starting at T, e.g., ['X, show the dispersion relation
for states with increasing k, all pointing in the same direction
(X'=(001)), whereas in panels such as XW both direction and
modulus of k vary continuously to sweep from X to W.

1.4
1:2
1.0

0.8

ali

0.6
0.4

0.2

0.0
X U L I X W K

Fig. 2. Dispersion relation for a PC made of silica spheres in a compact fcc. For
these structures the lattice parameter is given by a=+/2D, where D is the
sphere diameter. Owing to the scalability of the theory, the band diagram is
independent of the lattice parameter (and, thus, of sphere size) so long as the
dielectric function is not dispersive. Therefore, any such structure can be mod-
eled by a single band diagram.
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Among the many bands that are seen in the I'L panel, some
have the ordinary w = (c/n)k form (n being an effective RI) or
w = (c/n)(k-2m/a), resulting from shifting such a relation by
one reciprocal lattice vector parallel to the vector involved.
This is shown in Figure 1 as a translation of the red curve by
27t/a.") There are other curves that result from the folding
back into the BZ by means of vectors not parallel to the I'X
direction, as depicted in Figure 3. These bands have an ex-
pression like w=(c/n)k’ = (c/n)[(27/a)*+ k*]"2, which makes

k4
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1.1. 4 :

Ly ix ok
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Fig. 3. An arbitrary wavevector, k', is folded back into the first BZ, k, by sub-
tracting the closest reciprocal lattice vector (G»).

them less dispersive. This picture gets even more complicated
for 3D, where many more vectors are involved, and is only
simplified by symmetry properties making the bands degener-
ate. Of course, this degeneracy may be lifted, for instance, by
a slight deformation.

Looking at the bands in any panel in Figure 2, it can be seen
that not all energies are covered by the bands. The regions
where bands leave unfilled spaces are the gaps. Looking at the
whole diagram, we can see that none of these gaps are present
for every wavevector: there are no complete gaps. As men-
tioned before, RI contrast enhances the width of the gaps. If
we could continuously tune the contrast down to a homoge-
neous medium (of any RI) the bands would evolve to a situa-
tion where no gaps would be left and bands would cover the
whole spectrum. This can be expressed by saying that larger
Fourier coefficients lead to larger gaps, and Fourier coeffi-
cients are synonymous to strong modulation. Gap widths are
governed by refractive contrast, while gap positions are gov-
erned by average RI. However, the existence of complete
gaps very strongly depends also on the topology. Gaps found
in different directions occur at different energies. This can be
roughly explained as follows. Gaps open at the edges of the
BZ located at k=m/d, where d is the periodicity in that direc-
tion. The corresponding energy is ck/n so that, if a structure
presents very different periodicities in different directions, the
gaps will open at very different energies and will hardly over-
lap. The lattice alone does not determine the band structure:
the shape of the “atoms” also plays an important role; as sug-
gested above, the symmetry of the cell may lift degeneracies
that eventually can open gaps. The best chances to find a
structure with a complete gap are for lattices with a BZ that is
as round as possible and a primitive cell with non-spherical

http://www.advmat.de Adv. Mater. 2003, 15, No. 20, October 16



C. Lopez/Materials Aspects of Photonic Crystals

atoms inside. In 3D, this points towards the fcc lattice,[16] a
particular case of which is the diamond lattice, where each lat-
tice site contains two atoms.

When bands depart form the “free photon” behavior
o =ck/n, the RI must be taken as n=c/(dw/dk) rather than
n=cklw, and very peculiar behaviors can be obtained. The
group (or energy transmission) velocity, the only meaningful
one in these systems, is now v, =dw/dk rather than v=w/k.
Near the center and edges of the BZ, bands flatten out and
group velocities tend to zero. The net effect is that the time
taken by the EM field to traverse the sample is dramatically
increased enhancing the interaction between light and matter.
Since, for multidimensional systems, the derivative is actually
a gradient, the correct expression for the velocity in the nth
band is

V(k) =V iw,, (k) )

which means that propagation is (as the gradient) normal to
equi-energy surfaces. Equi-energy surfaces cross Bragg planes
at right angles. These and other concepts are best examined in
a solid-state physics text book.[”!

For wave-vectors near or beyond the first BZ equi-energy
surfaces cross many Bragg planes and are strongly distorted
from the free photon (uniform medium) spherical shape. We
can visualize it by taking horizontal sections in Figure 2 and
seeing that different ks are required to cross a band if search-
ing in different directions. This has important consequences,
because, in this situation, the propagation direction may differ
greatly from the wavevector as shown in Figure 4. If the ener-
gy is changed the surface will also change shape with the cor-
responding change in propagation direction. At some points,
this change may be rapid with the associated swing in direc-
tion for small changes in energy, and the system may be used
to separate frequencies.

1.1.3. Phenomena in a PBG

In the presence of a PBG many new phenomena can be ex-
pected. They are brought about by the two main features of
the band structure: the suppression of the density of states
(DOS) and the translational symmetry.

Control of spontaneous emission in photonic systems
through the photonic DOS was the primary goal in the first
proposal of PBGs.'! Spontaneous photon emission is genu-
inely quantum mechanical as vacuum fluctuations are at the
heart of the phenomenon.[m] The rate of radiation of a dipole,
according to the Fermi golden rule, is proportional to the den-
sity of final states. For an excited atom in vacuum this is the
density of EM states at the energy of the excited state. So, if
this DOS is suppressed, as in a PBG, no radiation is expected
from the dipole, vacuum fluctuations are disabled, and the
atom must remain in the excited state. The actual picture is
that of a dressed atom,"”! formed as the bound state between
the atom and the emitted photon, the energy bouncing back
and forth between the atom and the EM field, giving rise to a
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Fig. 4. In homogeneous media, equi-energy surfaces are spherical, o =c¢ |k In,
and propagation (green) direction and wavevector (blue) are collinear. But in
PCs these surfaces become very anisotropic. Conservation of the parallel com-
ponent of the wavevector leads to very peculiar refraction effects since propa-
gation is no longer collinear with the wavevector.

Rabi splitting. When the leading part of the photon—atom
interaction (spontaneous emission) is suppressed, the next
process (resonance dipole—dipole interaction) needs to be
considered. If emission occurs near a band edge, where the
DOS jumps abruptly and Fermi’s golden rule fails to describe
the process, the system shows a large differential gain.

The alternative approach to PBGs was made bearing in
mind localization.”) As in semiconductor physics, a defect in
an otherwise perfect crystal introduces a state in the gap with
a localized wavefunction. The state must be in the gap where
no extended states exist. This is because if the energy of the
localized mode coincided with that of a Block (extended)
state they would interact and the mixed wavefunctions, being
combinations of localized and extended states, could not be
localized. A mode of the EM field with its energy in the gap
will remain confined in the vicinity of the defect since propa-
gation is forbidden through the walls of the cavity. The magni-
tude describing the confining power of the defect is the qual-
ity, O, that measures the rate of escape from the cavity,
something like the number of oscillations of the mode before
escape. It can also be expressed as the spectral width, Aw/w,
of the state and directly relates to the decaying of the wave
function into the PC: the more rapid the decay, the less inter-
action (narrower state) and smaller coupling with extended
states (smaller probability of tunneling). High Q cavities are
required to make low threshold lasers because they make bet-
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ter use of the pump energy. However, a compromise must be
achieved to have efficient power extraction.

The approximation that the polarization of a medium is
proportional to the electric field breaks down for very intense
fields, and we enter the realm of nonlinear optics. For these
processes to take place, light-matter interaction is required,
vacuum being linear. A typical example is second-harmonic
generation. These processes can be classified as parametric
(when the final state of the atom involved is unaltered) or
non-parametric (if a change in the level population is pro-
duced) and are given an order according to the number of
terms considered in the polarization power expansion. Sec-
ond-harmonic generation is second-order nonlinearity,
whereas intensity dependent RI is a third-order process. Here
PCs are useful for various reasons. Since very high fields are
needed PC microcavities provide the right tool to confine EM
radiation in small volumes. The control over group velocity
(down to very small values) with the corresponding enhance-
ment of light-matter interaction favors the onset of nonlinear
interactions. As in any other scattering event, conservation of
energy and momentum (phase matching) must be considered.
However, in PCs momentum must be conserved to a recipro-
cal lattice vector, which considerably relaxes the condition.
Finally, symmetry considerations regarding the PC lattice
must be taken into account that add to those relating to the
atomic crystal symmetry of the host material.

1.2. Optical Characterization

The main technique for the characterization of PBG materi-
als is, naturally, optical. Bragg diffraction is the primary fea-
ture of these systems and can be used for initial characteriza-
tion. An interpretation in terms of bands is however most
appropriate.

When RI contrast is low it is a good approximation to use
ordinary diffraction or dynamic diffraction theory to charac-
terize PCs. For this, small-angle X-ray scattering is an appro-
priate technique if a 2D detector is used.””)

1.2.1. Reflectance and Transmission

Optical reflectance and transmission are the principal tools
used to characterize 3D systems. In a reflectance experiment,
a high-symmetry facet of the PC is often chosen. This places
the normal in a high-symmetry direction in reciprocal space.
Light is shone with k; forming a given angle with the normal,
and detected in specular configuration, that is, k, in the inci-
dence plane and forming the same angle with the normal. En-
ergy is then scanned. Typical examples are shown in Figure 5.
The two conditions to be satisfied are energy conservation,
which requires that incident and reflected wavevector lie on a
circle centered at the origin, and momentum conservation,
which is granted by requiring that the tips of k; and k, be
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Fig. 5. Scattering diagram in reciprocal space: incident (scattered) wavevectors
represented by white (black) arrows. For a nearly homogeneous medium, ener-
gy conservation is granted on the circular equi-energy surface. For vectors in
gray, the energy is not conserved and the process is not allowed. In (d) Bragg
planes other than those defining the first BZ are drawn, and Bragg diffractions
are marked with yellow circles.

joined by some reciprocal lattice vector, G. The darker hexa-
gon represents the first BZ, the normal is defined by the di-
rection I'X and the red arrows are two reciprocal lattice vec-
tors. In Figure 5a, reflection occurs at the X point (normal
incidence); the incident and reflected beams travel in opposite
directions. Spectra can be taken by varying the angle between
k; and the normal. If we increase the energy of the incident
photon slightly the conditions can only be satisfied by tilting
the incidence angle as in Figure 5b. Further increase may give
rise to a situation where two scattering mechanisms are possi-
ble as in Figure 5Sc.

For transmission, the detector is placed in line behind the
sample, and Bragg reflected photons are recorded as drops in
transmitted intensity. At variance with the specular reflec-
tance geometry, the transmission experiment does not select a
Bragg plane because it does not rely on detecting the scat-
tered photon but instead on detecting its absence. Thus, any
scattering event, regardless of the direction of k,, will be re-
corded as a dip in intensity. Every Bragg plane crossed by k;
gives rise to a reflection as marked in Figure 5d with small cir-
cles. These diagrams give not only an idea of when a reflection
can be expected to occur, but also where the scattered photon
should be observed, although in transmission this is over-
looked.

The preceding picture is valid for low RI contrast where the
peaks are narrow, the interactions small, and the original
character of the states preserved from those in the free-
photon picture. When RI is high, equi-energy surfaces are no
longer circular, this naive picture breaks down, and a rigorous
band structure calculation is required.
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1.2.2. Photonic Bands Interpretation

A full account of the interaction between PCs and light can
only be given in terms of bands and gaps as described by a
band structure diagram. As mentioned above the only mean-
ingful wavevectors for states belonging to a PC are those con-
tained in the first BZ. For a photon of energy w, coming from
outside, the wavevector, K/, may have a modulus, £, larger
than the BZ boundaries. Yet, for any phenomenon involving
states of the PC, this photon will behave entirely as if its wave-
vector was k=k’— G, such that k fits in the BZ for some G of
the reciprocal lattice (see Fig. 3). These G vectors may or may
not be parallel to k, which will produce an interaction of ex-
ternal light with bands other than those originating from the
folding of the nearly-homogeneous medium approximation
(as in Fig. 1). In principle, a wave that impinges on a PC with
a given energy and a k vector in a given direction is trans-
mitted through the PC if a band is available in the dispersion
diagram for the wavevector in the direction of k. In Figure 6
(left) the bands diagram for k || (111) is plotted. According to
this diagram, photons incident in the (111) direction will be
transmitted except for a narrow band (shaded area) around
al/l ~0.65, where no bands are available.
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Fig. 6. Typical band dispersion for a bare opal for k parallel to the (111) direc-
tion (left) and for directions comprised between the (111) and (411). A gap is
present at a/A~0.65 that shifts to higher energies upon changing direction.
Bands with little or no dispersion can be seen at higher energies.

There may be circumstances when this picture is altered. Sym-
metry considerations?®!! can impede coupling between the in-
coming EM field and the available state. If, for instance, the state
has a mirror symmetry that the plane wave does not possess,
overlap can vanish rendering the state useless for transmission.
On the other hand, even when a band is available and the sym-
metry allows coupling with external waves the band may be such
that the group velocity vanishes and transmission is virtually
cancelled. This can be seen as a divergence of effective RI*?)
with corresponding Fresnel reflectance approaching unity:
R=(n-1/m+1)*~1. The latter case usually occurs near the
edges of the BZ, where it is often masked by real gaps, but it may
also happen at intermediate ks as in the upper bands in Figure 6.
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The preceding remarks account for some more peaks ap-
pearing without the need for gaps at energies around 1.2. The
analysis is very complicated because many bands intervene.*’!
For any given frequency, propagation takes place by the
contribution of many states that carry the energy in multiple
directions. Only if the PC is a plane parallel slab, refractive
phenomena at the entry facet will be reversed at the exit,
restoring the fields to a collimated wave.

Searching the whole reciprocal space is required for a com-
prehensive characterization of the system, and this entails
scanning in all directions. It is often enough, however, to scan
the principal corners, defining the irreducible part of the BZ.
The properties of lower symmetry points can be interpolated
therefrom. The right panel in Figure 6 shows (shaded area)
the evolution of the Bragg reflection highlighted on the left
panel (gray rectangle) as the direction of propagation is
changed. Here the abscissa is the wavevector component par-
allel to the LU segment. This is a typical example of an incom-
plete gap: the gap exists only for a certain direction, and as
the direction is changed so does the position (and possibly its
width).[24] If a gap, or at least some part of it, remained a gap
for any direction of propagation a complete PBG would be
found, and reflectance and transmission would present a fea-
ture for the corresponding range of energies.

If not only the energy but also the phase can be measured
the real dispersion relation can be plotted. This involves very
difficult techniques for optical frequencies but can be easily
done in the microwave regime.[m

1.2.3. Special Techniques

Very often 2D systems are built as very thin slabs where a
periodic pattern is lithographically etched. Measuring the
band dispersion diagram in such structures poses a challenge
for experimental realization. Some approaches are described.

The direct method is, of course, feeding light from one end
by means of a microscope objective or an optical fiber, and
collecting it from the other end by similar means. Most often,
the interest lies in characterizing waveguides (WGs), rather
than the PC itself and, particularly, measuring losses. Losses
have contributions from several mechanisms (insertion, radia-
tion, scattering, etc.) and it is necessary to separate them.

When light is injected in a sample with its plane parallel to
the front-rear facets, defined effective RI Fabry—Perot oscilla-
tions occur. The amplitude of the oscillations can be used to
determine the reflectance of the facets (mirrors) and the at-
tenuation in the medium. This technique can be used to char-
acterize losses when the transmitting medium is a PC WG.*!
A reference channel is needed to measure the transmission
through the WG. The particular property of the method is that
it is independent of the coupling efficiency.

Inserting the light in the PC poses difficulties, and to avoid
them an alternative method, producing the light inside, was
realized. A quantum well placed in the center of the slab
where the PC is fabricated acts as a source that can be excited
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by a focused laser; light is collected from the side, in different
orientations, by a microscope objective.”!

In the surface coupling technique, light impinging on a 2D
PC from outside couples with the 2D photonic structure if the
component parallel to the surface and the energy match those
of a state in the PC. This technique is, of course, limited to the
part of (w, k) lying above the light line of the outside medi-
um.?”! The relative orientation of the PC with respect to the
plane of incidence determines the regions of the BZ explored.
A similar method, relying on diffraction by the corrugated
surface, has been applied for the determination of lattice pa-
rameters in colloidal crystals without any assumption of the
RL

Near field optical microscopy is especially adequate for 2D
systems but useful in 3D as well. Near field scanning optical
microscopy is applied to map the Bloch states and bands.”””!
Time resolution adds many possibilities to this technique.*”)

The effect of a PBG on the spontaneous emission of a
source embedded in a PC may be observed both as an inten-
sity inhibition®! or as a change in the lifetime of the pro-
cess.’? In the latter case, both accelerated and slowed lifetime
components can be observed. All these effects can be used to
characterize the system.

1.3. Applications

Current and foreseen applications of PCs can be divided ac-
cording to their principle of functioning. Some rely on the ex-
istence or non-existence of a complete gap, others rely on the
peculiar properties of the bands and their dispersion. Applica-
tions that rely on a gap make use of the suppressed DOS.
Thus, the performance of solar cells or microelectronic de-
vices can benefit from the suppression of spontaneous emis-
sion. Antennas for microwave applications may be made to
emit only in the desired direction by placing them on a sub-
strate with a PBG structure.”® Some applications are entirely
new and spring from the new physics brought about by PBG
systems.

The spectrum of black-body radiation is very broad, which
results in an important loss of efficiency when thermal sources
are used for light generation: most of the energy is emitted as
heat. A mechanism to prevent this might have been found in
the use of metallic bandgap structures.®¥ For 3D structures
with the metal forming a continuous network (network topol-
ogy) there is a cut-off frequency below which there are no
propagating modes. If absorption can be neglected (thin struc-
tures) such an unusually large bandgap can be used to recycle
IR blackbody radiation into the visible (VIS) spectrum. In the
photon recycling process, an absolute 3D PBG completely
frustrates IR thermal emission, and forces the radiation into a
selective emission band. Energy is not wasted in heat genera-
tion, but channeled by a thermal equilibrium into useful emis-
sion at the edge of the bandgap. A prominent example is
shown in Figure 7, where an all-metallic layer by layer struc-
ture is shown in two of the stages of its production. The tung-
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Fig. 7. Images of two stages of fabrication of a 3D tungsten PC. This metallic
PBG structure has realized the channel of thermal emission into narrow dis-
crete bands. Reprinted with permission, copyright 2002 Nature Publishing
Group [34].

sten 3D PC was made by selectively removing silicon from al-
ready fabricated polysilicon-SiO; structures, and refilling the
resulting mold with tungsten by chemical vapor deposition
(CVD).

A laser is basically a medium where population inversion is
attained, whereby gain and amplification are achieved
through stimulated emission. Spontaneous emission is the
main foe to gain as it happens isotropically and cannot be pre-
vented by (usually 1D) cavities. Cavities with a 3D complete
gap present advantages in the sense that a single channel may
be allowed for emission (through a defect with proper design)
blocking other directions at the same time. Cavities in 2D sys-
tems are expected to present quality factors as high as tens of
thousands and have been realized with several thousands."!
Lasers have been realized in 2D and the race for lowering
threshold is on.*®! Using one such cavity, laser action was
demonstrated.’”! Two-level atoms cannot be made to lase in
vacuum because the rate of stimulated emission equals ab-
sorption. Thus, at most, the population of the excited state
reaches 1/2. Near a PBG edge, however, this situation
changes, allowing for population inversion in two-level atoms.
If a laser beam with intensity slightly below the threshold pre-
pares such two-level atom system at a population near 1/2, a
second low intensity beam may place the system in gain condi-
tion and constitute an all-optical transistor."**!

There are a wealth of proposed applications relating to the
guiding of light to make real circuits for communications and
processing. In this class fall linear WGs, bendings, crossings,
splittings, junctions, add-drop filters, etc., all necessary to di-
rect the flow of light as electrons are directed by wires. WGs
are routinely made in 2D systems by placing linear defects in
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the desired configuration.®” This is often done by removing
rows of the elements constituting the PC. WGs can be made
to bend through sharp corners with the enormous advantage
in compaction as compared to ordinary fibers that can only be
bent to a limited degree. The main workhorse in this field
now is losses.*’l The optimization of guided mode properties
and confinement in the third dimension, and the design of
bends, systems to input and extract signals from the systems,
etc., account for most of the effort spent in this research field.
A WG can be bent on itself to form a ring that can be used as
a laser cavity.*' Modes in a WG may be designed to have lin-
ear dispersion and wide band width if many wavelengths are
desired to be guided without pulse broadening—the RI is the
same for every wavelength—or they can be designed to have
nonlinear dispersion in order that different wavelengths feel
different RlIs, and thus reshaping of propagating pulses can be
achieved. This may be very useful in optical communications.
A WG consisting of a chain of coupled defects can act as a
phase compensator if the right group velocity dispersion is de-

A 2D PC with a cavity in its center becomes a fiber when
stretched in the third dimension.[*¥! Photons localize in the
core and can only propagate in the axial direction. Such
“holey” fibers rely on the existence of a 2D PBG held by clad-
ding rather than on total internal reflection—the principle
behind ordinary fibers. For that reason these fibers need not
actually have a material core and can guide light through an
air pipe, which makes them suitable for high power transmis-
sion: no undesirable nonlinear effects will be felt. On the
other hand, if the core is made of a material properly doped
with, for instance, a nonlinear material they can be made to
amplify the signal, compress pulses, etc.

Systems with a complete PBG are difficult to fabricate but
some useful properties still exist when no such gaps are avail-
able. Dispersion properties can be taken advantage of for
steering light within a PC. Very anisotropic equi-energy sur-
faces are used for super-refraction, while the dispersive prop-
erties can be used for pulse reshaping.

Obviously a 1D PC (a Bragg reflector) cannot have a com-
plete PBG: its gaps vary depending on direction such that a
forbidden energy may be allowed to propagate just by chang-
ing the incidence angle. It can, however, be used as an omni-
directional reflector by placing the pseudogap within the light
cone. Thus, even though there exist states of either polariza-
tion for any given energy (no gaps) there are certain ranges,
for which the available states have ks, which are inaccessible
from outside the system.[44] These systems can be realized for
any desired range and have a host of applications. The width
of the omnidirectional reflection is mainly determined by the
ratio of RIs of the layered materials and their ratio to the out-
er medium.*! Using this principle hollow optical fibers are
made where confinement of light in the hollow core is
provided by the large PBG of an omnidirectional dielectric
mirror.*%!

Proper design can allow for zero group velocity bands to
contribute to laser action by enhancing the interaction be-
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tween light and matter. Thus, a laser without a cavity can be
realized*’! in which unit cell engineering can provide control
of emission polarization.*"!

The laws of refraction take on surprising forms in PCs.
Propagation being normal to the equi-energy surfaces, regions
of high curvature produce very strong beam swings for slight
changes in wavevector (superlens). Similarly in regions where
curvature changes sign (inflexion points), ample changes in k
produce negligible changes in propagation direction (super-
collimation). Additional control can be gained with a sound
choice of bands; thus, using electron-like bands (w grows with
k—positive effective mass) yields a positive effective RI,
whereas the use of hole-like bands (negative effective mass)
allows for a negative effective RI¥! Finally, in some regions
of reciprocal space (usually where several Bragg planes meet)
equi-energy bands show very strong energy dependence. The
fact that a very slight change in energy results in a strong
change of shape of the equi-energy surface can be applied to
the design of a superprism.’” The first demonstration is pre-
sented in Figure 8, where the deflection of two beams of very
similar frequency is shown to behave very differently in a PC
and in a homogeneous material. In 2D systems®! this effect is
being studied and experimentally implemented for multiplex-
ers; more complex behavior has been described for self-as-
sembled 3D systems.[sz]

photonic crystal

0.99 le‘ 1

conventional crystal

0.99 ;Ll‘l‘l‘ 1}
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Fig. 8. At variance with a conventional crystal a PC can present a strong chro-
matic separation based on the superprism effect: beams of 0.99 um and 1.0 pm
suffer a very different refraction. Reprinted with permission, copyright 1999
American Institute of Physics [50].

1.4. Metamaterials

To close this section of introduction a few words on meta-
materials should be said in order to better situate PCs in the
materials world. Metamaterials is a general name for a larger
class of materials whose properties (as represented by their
electric permeability and magnetic permittivity) derive from
their structure rather than from the materials composing
them. PBG materials could be counted among them but the
most striking examples are those with simultaneously negative
¢ and u, called left-handed materials, where a negative RI is
expected. Ordinary right-handed materials are such that E, H,
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and k form a right-handed trihedron meaning that E x H || k,
so that the direction of propagation of energy coincides with
that of the wavevector. For left-handed materials the opposite
occurs E x H||-k, and energy flows opposite to the wavevec-
tor. One crucial consequence is that negative refraction, as
long ago described by Veselago,[53] may be realized,>¥ relying
on which perfect lenses can be designed.® So far, materials
have been discussed in which the spectral position of optical
features is close to the dimensions of their inner structure. In
these ones, however, the periodicity of the structure occurs in
a range much smaller than the wavelength, thus accounting
for the use of effective € and u. Strong spectral dispersion is
inherent in these peculiar metamaterials, where resonant phe-
nomena involving some sort of plasma-like excitation are
usually invoked. Applications for these materials are expected
to enhance the performance of magnetic resonance imaging
systems.’® Other applications involve emission from sources
embedded in metamaterials built as stacks of metallic grids
immersed in foam."’) It has been shown that directive emis-
sion from a source can be confined to a narrow cone based on
the fact that an effective RI can be made to take on very small
values. Thus every ray leaving the material forms a right angle
irrespective of the angle it formed within the metamaterial.

Frequency selective surfaces™ and PBG structures operate
on the principle of resonance, based on multiple scattering by a
series of periodically arranged metal or dielectric scatterers.
Accordingly, the relevant frequencies, where their functions
are closely related to the dimensions, define the periodicity.
Fractals are mathematical objects with the unique property of
being self-similar. This means that their general aspect is the
same regardless of scale, that is, zooming in on the object’s de-
tails gives a similar picture as zooming out for a panoramic
view. This fact has a striking consequence on the resonances
that can be sustained when such systems are built with scatter-
ing materials: the frequencies are detached from the scale. Such
systems have been shown to present stop bands and pass bands
like PCs over a broad range.[sg] They can be built as 2D systems
with design features well below the operating wavelength that
can perform as 3D structures in terms of polarization- and inci-
dence angle-independent reflection. Furthermore, the wave-
lengths of the lower gaps can be significantly longer than the
size of the sample and can be driven by electrical signals.

Whether there can be PBGs without periodicity and with-
out a BZ is a fundamental question. 1D superlattices stacked
as Fibonacci series were shown to posses optical stop bands;
similar phenomena were observed in acoustics, all of which
fostered the search for PBGs in 2D quasiperiodic arrange-
ments of dielectrics. These are structures arranged in orderly
patterns that are not quite crystalline: the local symmetry is
the same everywhere but there is no real overall periodicity.
They are often built on forbidden rotational symmetries like
5-, 8-, or 12-fold. Sizeable gaps that do not depend on inci-
dence direction are predicted for these 2D systems!®! and
have been experimentally found in the long wavelength re-
gime (10 GHz, where WGs can be produced)® and also in
the far IR (100 pm).[*!
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2. Preparation of PCs

A wave crystal can be designed for any interaction involving
a wavy perturbation, be it light, sound, particles, spins, etc. It
only entails designing the appropriate periodic structure,
which, for EM interaction, is a PC. PCs may be built for any
frequency range of the spectrum. Of course, the realization
greatly changes according to the spectral range of functioning,
principally owing to the size imposed by the wavelength.
Therefore, the fabrication methods vary depending on the
length scale. The first PC shown to have a complete PBG®!
was machined into a low loss dielectric material with milli-
meter size drills. The size determined its working range to be
in the microwave regime. A scaling down of the process, it
was suggested, would lead to similar systems working in the
VIS spectrum. That challenge was actually faced and risen
t0,%! but the method proved rather ineffective in the number
of layers that could be produced. An entirely new structure
was later proposed with a sizable, robust bandgap that could
be built in a layer by layer fashion by stacking rods as a pile of
logs.!®! This structure, initially realized in the GHz range, has
been revealed as probably the best choice, and has been
scaled down to optical frequencies by several means.

In what follows, a review of the methods employed to ob-
tain systems functioning mainly in the optical range is pre-
sented, leaving the self-assembly techniques for a section of
their own.

2.1. 1D Systems

1D systems have been produced and used widely for a long
time as, for instance, antireflection coatings, notch filters, or
distributed Bragg reflectors. Typically evaporation techniques
were used. A few recent developments are described next
with specific applications in photonics.

Although dendritic nanowires can hardly be classified as
1D structures, they can be described as a linear arrangement
of light scatterers. These structures consist of grafted
branches, periodically grown on a straight WG acting as a
stem. The synthesis exploits the self-organized dendritic crys-
tal growth to assemble microscale periodic semiconductor sin-
gle crystal nanowires in a vapor transport and condensation
system. Laser action was demonstrated using this structure as
a resonator. %!

Cholesteric liquid crystals (LC) present a layered structure
in which in every layer molecules are aligned in parallel but
rotated with respect to the layer underneath. They can be
viewed as 1D PCs in which the dielectric anisotropy originates
from the orientation of the molecular axes. The period is de-
termined by the distance between the closest layers with par-
allel molecular axes, and the interaction with circularly polar-
ized light gives rise to bands and gaps for transmission. Laser
action can be sustained at the edges of the gap when such sys-
tems are properly doped with a dye.!”’ The mode closest to
the edge has the lowest lasing threshold.
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Layer by layer electrostatic assembly of polyelectrolytes is a
technique that, combined with the in situ synthesis of inorgan-
ic nanoparticles, can lead to the formation of 1D structures
with tuned morphologic (thickness) and dielectric properties
(RI contrast).[ﬁg] These systems have potential as sensors since
they respond to environmental changes in pH or ionic
strength by swelling or shrinking, which changes their photon-
ic signatures.

1D multilayers of controlled porosity can also be prepared
by anodic etching of crystalline silicon.[”! The dielectric func-
tion is controlled through porosity, which, in turn, is con-
trolled through current density in the electrochemical cell.
The layer thickness is dictated by the etching time. These
stacks can be designed to act as 1D Bragg reflectors. Cavities
can be inserted where luminescent ions can be included by
doping through cathodic electromigration of erbium into the
porous silicon matrix, followed by high temperature oxida-
tion. These structures can be used for biosensors after the
inner surface of the porous Si is functionalized to bind some
distinctive component in biological matter.”"!

2.2. 2D Systems

The fabrication of 2D PBG systems has experienced the
greatest development, mainly boosted by the availability of
mature techniques borrowed from many other areas. Lithog-
raphy (mainly optical and electronic) is the main contributor
to this explosive expansion since microelectronics had, for a
long time, demanded more and more precise processing.

Carbon nanotubes with controllable diameters, from tens to
hundreds of nanometers, and lengths of tens of micrometers
can be grown on a large scale in a matter of minutes.”!) Plas-
ma enhanced hot filament CVD is used with acetylene, serv-
ing as source of carbon, and often ammonia as a catalyst. The
nanotubes grow on thin metal films or nanoparticles pre-
viously deposited by various means. Nanoparticles can even-
tually be arranged in an orderly way leading to ordered ar-
rangements of long, parallel, straight, carbon nanotubes. In
such circumstances, the nanotubes act as scattering centers
and produce a 2D PBG.

2D structure with a PBG in the near IR (NIR)"? can be
fabricated using a technology developed for the production of
microchannel plates. This consists basically of drawing a bun-
dle of optical fibers, in which core (SiO;) and cladding (PbO)
can be selectively dissolved. Thus the fibers are arranged in a
hexagonal lattice and are drawn in order to reduce their diam-
eter to the desired lattice parameter. The core is then dis-
solved, leaving behind a network of air holes in a glass matrix.
The filling fraction of the air holes can be adjusted through
the initial core/cladding radii ratio. The technique can be ex-
tended to produce nanochannels with optical features in the
VIS and ultraviolet (UV).[74

2D PBG structures have acquired the widest diffusion due
to the easy, albeit expensive, implementation of microelec-
tronic technology techniques, such as photolithography, elec-
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tron beam lithography, etc. Monorails and air bridges are ex-
amples of 1D structures produced by these means.””!
Typically Si and II1I-V semiconductor technology is applied.
Lattices composed of holes or pillars were often adopted to
obtain different structures. The first such realization was in
GaAs—GaAlAS,[76] where a lattice of holes was etched through
an electron beam lithographed mask. WGs can be defined in
these structures by leaving rows of holes undone. Point de-
fects produced near such multiple wavelength carrying WGs
can be tuned for extraction of selected wavelengths.””! Fig-
ure 9 shows an example of a membrane PC where two defect
holes near a WG with one row missing are tuned (by size) to
extract selected wavelengths. Although these techniques are
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Fig. 9. EM picture of a straight waveguide in an InGaAsP 2D PC with isolated
defects (labeled i and j) formed to couple to selected transmitted wavelengths.
Reprinted with permission, copyright 2002 Nature Publishing Group [77].

mostly applied to produce 2D systems (where they are most
effective), they can also be used in conjunction with other
processes to add a third dimension to the structures obtained.
By using relatively standard microelectronic techniques in a
layer by layer fashion, 3D crystals were soon fabricated for
the IR region.”® As an alternative, wafer bonding!™! was used
to build 3D structures where WGs can be easily integrated
during production.®!

Soft lithography, extensively reviewed by Xia and White-
sides,®!! is a non-photolithographic technique based on self-
assembly and replica molding for micro- and nanofabrication.
In soft lithography, an elastomeric stamp with patterned relief
structures on its surface is used to generate patterns and struc-
tures with feature sizes ranging from 30 nm to 100 um. Sever-
al techniques have been derived: micro-contact printing, repli-
ca molding, micro-transfer molding, micro-molding in
capillaries, solvent-assisted micro-molding, etc. In nanoim-
printing, a pattern recorded in a mold is press transferred to a
thermoplastic polymer thin film, where ridges and trenches
with a minimum size of 25 nm and a depth of 100 nm are cre-
ated.™ Further processing may be applied to record the
transferred pattern into the substrate for large scale replica-
tion. Although a 2D technique, it can be extended for building
3D structures by iterative processing.

2D structures can be obtained in porous silicon when a
lithographical mask is transferred by means of electrochemi-
cal pore formation.™ The preservation of the shape of the
pattern through hundreds of micrometers in depth is guaran-
teed by the fact that electrochemical etching proceeds only
upon provision of optically created electronic holes that pro-
mote the Si dissolution at the tip of the pore. The factor con-
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trolling the filling fraction is the illumination intensity. There-
fore it can be used to shape the pores and confer on the struc-
ture a 3D character.®!

2.3. 3D Systems

The border between 2D and 3D fabrication is sometimes
rather diffuse because some 3D structures can be made with
2D techniques. Some can even range from 1D to 3D.

The transfer of corrugations from a patterned substrate can
be made to act as an autocloning mechanism, through which a
3D structure can be grown by sequential deposition of Si and
Si0,.155 The superprism effect was first demonstrated in these
structures.”" The technique initially developed for Si and
Si0, was extended to new materials by direct growth® or by
material exchange.*”!

AsSeTe chalcogenide glasses are materials that are photo-
sensitive and have a large RI. These properties make these
glasses particularly suitable for the fabrication of PCs. A grat-
ing is recorded in a thin layer of the chalcogenide by the inter-
ference of two laser beams. Since the material has a photore-
sist effect, it can be etched after exposure. The grooves are
filled with a photoresist by spin coating and planarized. New
material layers are evaporated on top and the process is re-
peated while rotating the orientation of the stripes. This tech-
nique is intrinsically self-aligned, providing a simple way to
build layer-by-layer PCs.[*®!

As seen above, two interfering beams produce a diffraction
grating that can be used in interference lithography to record
a grating; three beams produce a 2D pattern. To go one step
further, a fourth beam adds depth to the structure to yield a
3D periodic lattice. The period of the structure and its symme-
try (lattice) are dictated by the laser wavelength, the relative
phases, and the incidence directions of the interfering beams,
whereas the shape of the repeated feature in the lattice (basis)
results from the beams’ polarizations. This set-up applied to a
photosensitive polymer can lead to a 3D network if the ex-
posed polymer is crosslinked and the unexposed polymer is
dissolved.!® The resulting structure is depicted in Figure 10.
Initially developed for pulsed-laser polymerization of UV-
sensitive polymers, the technique has been extended to con-
tinuous-wave VIS lasers."” Exposed but undeveloped films
are amenable to further processing by laser scanning to draw
new structures for WG fabrication.”’! An unsatisfactory as-
pect of this technique is that the available photosensitive poly-
mers (that have to be slightly absorbing to be sensitive but not
in excess to allow exposure of the whole film) have low RlIs.
This makes a second process of templated infiltration neces-
sary for the enhancement of the dielectric contrast. Recently,
new materialsl’? based on silica acrylate composites doped
with transition metal oxides have proved to both comply with
the need to be photosensitive and, thanks to the doping, per-
mit an elevated RI above the threshold for a complete PBG
in these structures. This template-free approach will allow the
direct fabrication of 3D PCs where the RI can be controlled
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Fig. 10. SEM pictures of different structures obtained by the holography tech-
nique. Reprinted with permission, copyright 2002 Nature Publishing Group [89].

through the variation of the inorganic component of the sol-
gel-derived photosensitive composites.

Deep X-ray lithography[93] allows an extra degree of preci-
sion and an extremely high depth of focus due to the reduced
wavelength of the radiation used. A pattern is drawn on a re-
sist and transferred to a metal sheet. This metal is then used
as a mask, whose shade can be projected in different direc-
tions, tilted with respect to the normal, to produce rod struc-
tures. Simple methods may be used to replicate yablonovite
structures in other materials.”" The pattern can then be trans-
ferred to a metal (by electrodeposition) or a high RI dielectric
(by a sol-gel technique).

Glancing-angle deposition'”! is a versatile technique that
can be employed for the fabrication of large, 3D PBG crys-
tals.”! Physical vapor deposition with the vapor flux arriving
at an oblique angle leads to the growth of inclined rods on the
substrate. Rotation of the substrate by 90° every quarter peri-
od, changes the direction of the rod to form a square spiral.
The vapor flux angle determines the pitch in the vertical di-
rection. Tetragonal square spiral crystals with a predicted
PBG can be produced in the visible, NIR, and IR spectrum. A
tetragonal lattice suitable for a large PBG (up to 15 % for a
silicon structure) can be synthesized by a regular array of
square spiral structures grown from a simple, prepatterned
substrate.”’!

Copolymers are formed by linking together two or more
classes of monomers to form a larger molecule. In a block co-
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polymer, all of the monomers of each type are grouped to-
gether. A diblock copolymer can be thought of as two homo-
polymers joined together at the ends. Block copolymers self-
assemble into 1D, 2D, and 3D periodic equilibrium structures
with length scales in the 10-100 nm range. The plethora of
structures into which block copolymers can be assembled, and
the multiple degrees of freedom that they allow on the molec-
ular level, offer a large parameter space for tailoring new
types of PCs at optical length scales.”® Very complex bicon-
tinuous structures!®” with a 3D translation symmetry or com-
posite systems with metallodielectric character are just two
examples that can be realized with promising optical proper-
ties.

Layer-by-layer structures can be fabricated by 3D scanning
of the focus of a pulsed laser in a resin film in order to draw
the framework of a log pile structure by crosslinking the poly-
mer. Femtosecond laser pulses are tightly focused inside the
liquid resin, which is transparent to pulses below the two
photon absorption threshold power density. The pulse inten-
sity is adjusted so that the light power density at the focal spot
of the laser beam exceeds the threshold. Strong absorption in
this highly spatially localized region results in photopolymeri-
zation of the resin. By scanning the coordinates of the focal
spot, predesigned patterns can be recorded in the liquid resin.
Laser irradiation renders the exposed regions insoluble, while
unexposed regions are dissolved in acetone and removed dur-
ing the post processing stages.'”"]

Similarly, focused ion beam micromachining can be used in
conjunction with macroporous etching to produce replicas of
the yablonovite structure.'®) A first set of holes is produced
from a 2D mask by conventional photoassisted anodic dissolu-
tion. The focussed ion beam technique is then used to produce
the other two set of holes. The structure thus produced is not
exactly yablonovite, but a slightly distorted one.

Robot manipulation is a recently developed method that al-
lows the arrangement of nano- and microscopic objects in 3D
structures with a precision of nanometers and has allowed the
first assembly of diamond opals.[m] The wood-pile structure
that has been revealed as one of the best suited to sustain a
complete PBG is amenable to construction by this method.
This has recently been demonstrated by stacking previously
fabricated grids.'®! The grids were defined by lithography as
wires held by a frame and they were crisscross stacked to form
a 3D crystal. Crystals for IR wavelengths of 3-4.5 um of four
to twenty layers (five periods), including one with a controlled
defect, were integrated at predefined positions marked on a
chip with an accuracy better than 50 nm. Microspheres are
used to slot into holes defined in the frames to ensure correct
alignment.

2.4. PC Fibers

A PC fiber, consisting of a pure silica core surrounded by a
silica—air PC material with a hexagonal symmetry, was origi-
nally made by drawing a bundle of hollow silica rods, except
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for the center one that is solid. The drawing process thins the
preform down to micrometer size, and fibers thus produced
can support single robust low-loss guided modes over a very
broad spectral range.'”! A fundamentally different type of
optical WG structure is demonstrated, in which light is con-
fined to the vicinity of a low RI region by a 2D PBG crys-
tal.'%! The WG consists of an extra air hole in an otherwise
regular honeycomb pattern of holes running down the length
of the fiber. The core being air, guidance cannot occur
through total internal reflection. Using the same principle but
new materials, microstructured polymer optical fibers were
also realized.'%! The low-cost manufacturability and the
chemical flexibility of the polymers are here the main advan-
tages.

A new concept in fiber fabrication was introduced by devis-
ing hollow fibers in which the wall is provided by an omnidi-
rectional reflector.*! These fibers comprise a hollow core sur-
rounded by a multilayered cladding designed to reflect a
certain range of frequencies that are guided.

3. Colloidal Crystals

Colloids are structures comprising small particles sus-
pended in a liquid or a gas. In this context small refers to sizes
between nanometers and micrometers, much larger than
atoms or molecules but far too small to be visible to the naked
eye. Sometimes these particles self-organize, owing to their
electrostatic or other interactions, and give rise to crystalline
structures. As such, they present the typical fingerprint of
PCs: they are iridescent. Colloidal crystals can be used and
studied as suspensions or can be further processed to obtain
opals, which, in turn, can be used as templates for other mate-
rials. Colloids of spherical particles, reviewed by Xia et al.,1"]
are more useful when ordered assembly is required because
their interactions are more isotropic and stacking is easier.
Next, an update of fine particles synthesis and assembly meth-
ods is provided along with some material aspects regarding in-
filtration and further processing.

3.1. Bare Opals

Opals are precious gems composed of sub-micrometer size
silica spheres stacked together and cemented with a slightly
different silica. This structure confers photonic properties“og]
on the material and has inspired a whole branch of research in
the PC field. Fine spherical particles have been produced
from numerous materials, both inorganic (see review by Mati-
jevic[“)g]) and organic such as polymers (see the comprehen-
sive summary of synthesis and functionalization by Kawagu-
chi®)) aiming at replicating the natural gems. This technique
allows the widest range of materials and procedures of synthe-
sis. Only the range of topologies is narrow since natural as-
sembly tends to produce thermodynamically stable structures
that are restricted to a few lattices, mostly compact cubic and
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hexagonal. Furthermore, if special care is not taken, random
stacking or disordered structures are obtained. This section is
divided into two subsections reviewing particles synthesis and
assembly, and further processing and fabrication.

3.1.1. Microsphere Synthesis and Assembly

As will be explained later on, the assembly of opals can be
seen not only as a goal in itself but as a means for posterior
templated synthesis of other materials. In this sense, the physi-
cochemical properties of the material composing the initial
opal must be taken into consideration. For this motive, silica
has acquired a supremacy over other materials because it is
highly inert both chemically and thermally. Thus, if infiltration
requiring high temperature (a few hundred degrees Celsius) is
envisaged, most organic polymers must be discarded in favor
of silica.

The best known method for monodisperse silica spheres
was originally developed by Stéber et al.''!! and relies on the
hydrolysis of a silicon alkoxide and posterior condensation of
alcohol and water to form siloxane groups. Because of their
chemical structure, these beads present a surface charge that
is screened by the ions in the medium. Under appropriate
conditions of temperature, pH, and concentration this syn-
thesis process yields spheres with diameters ranging from a
few nanometers to a few micrometers. Although the reason
why is still controversial, very monodisperse colloids (a few
percent standard deviation in diameter) can be obtained for
sizes between 200 and 600 nm. For larger sizes a strategy
based on the growth in the presence of small seeds has proven
successful.!'!?! Everything seems to indicate that the final size
of the particles produced responds to a correct balance be-
tween the nucleation process (by which new particles are cre-
ated) and that of aggregation (through which those particles
grow at the expense of available monomers). For that reason,
the concentration of seeds in a regrowth process must cor-
rectly match the reaction condition so that no nucleation oc-
curs, while an optimum use of the silica precursor is made. Al-
though most often the particles synthesized are spherical,
ellipsoidal particles have also been produced by different
methods such as ion irradiation!"'*! or inverse templating.!''¥

Among the materials used for opal assembly the most
widely spread are polymers; mainly polystyrene (PS) and
poly(methyl methacrylate) (PMMA). For the preparation of
these beads there are a host of techniques all under the um-
brella of polymerization, but with different approaches such as
precipitation polymerization, emulsion polymerization, disper-
sion polymerization, seeded polymerization, inversion emulsi-
fication, swelling polymerization, and suspension polymeriza-
tion, and modifications of these that can be found in the
review by Arshady.[m] Owing to a higher surface charge to
density ratio, these particles tend to behave better than silica
ones for the purpose of colloid crystallization. Therefore, they
are very appropriate for optical and crystallization studies.

In order to obtain a PC, these beads must be arranged into
a crystalline lattice. Depending on the properties of the parti-

1692 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

cles used and the final product desired, various methods have
been developed that are summarized next.

Some colloidal particles, owing to their mainly electrostatic
interaction, tend to organize into crystalline lattices when the
volume fraction reaches a certain value.''! These crystals can
be used for optical studies and find some applications, but
their liquid character prevents some uses since they must be
kept confined in vials or the like. The process of crystalliza-
tion has been extensively studied and these structures serve as
models for liquids and phase transition investigations. The in-
teraction has for instance been studied in absence of gravity
where only electrostatic forces intervene.''”! These systems
reveal useful information for optical studies of the velocity of
aggregation and make real space imaging possible.!!'®!

Fields other than gravity can be used to induce order in the
colloidal systems. For instance an electric field can polarize
the beads, which switches on a strong long-range interaction
that quickly orders structures.''”) With AC fields, binary col-
loids present interesting behaviors depending on relative par-
ticles concentration and frequency.“zo] Likewise, magnetic
fields acting on colloids of magnetic beads (or non-magnetic
beads immersed in magnetic liquids) produce ordered ar-
rangements.'?!) Crossed electric and magnetic fields can
induce a martensitic-like transition from the body centered te-
tragonal (bct) to the fcc structure in mesocrystallites consist-
ing of multiply coated spheres. The multiple coatings serve to
enhance the electrorheologic and magnetorheologic effect.'??!
EM fields have been used by producing (through interfer-
ence) 3D standing waves in whose potential minima ions are
trapped. They can similarly be used to trap dielectric
spheres.[m] Fields can also be used, after crystallization is
achieved, as a tool to remove defects from the crystal.[m] An
annealing process provides the activation energy needed to
relax existing defects without generating new ones. Optical
tweezers use forces exerted by intensity gradients in strongly
focussed laser beams to trap and move colloidal particles.
Rapidly translating optical tweezers can be used to introduce
elastic strain locally within a thin colloidal crystal, thereby de-
livering kinetic energy to the lattice without heating the sur-
rounding fluid.

Sedimentation is the natural way to obtain solid opals. This
method produces thick opals and can be altered in different
ways depending on the goal pursued. In this procedure a col-
loid is left to settle, a process that takes between days and
months depending on the size of the spheres, at the end of
which a sediment is obtained."®! The sedimentation occurs
driven by gravity, and a clear sedimenting front can be seen in
the vial separating clear water and colloid. When the concen-
tration is low (~1 wt.-%) the beads behave as hard spheres
and the velocity can be approximated by Stokes’ law. As a
matter of fact, this can be used to very accurately determine
sphere size, if densities and viscosity are known. The superna-
tant liquid is removed and the sediment dried. At this stage
the spheres are not in actual contact but kept together by
water necks. The water content in the opal is about 10 wt.-%
overall. A thermal treatment at 200°C leaves the sample
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water-free and makes it truly compact fcc, but, at the same
time, makes it mechanically very weak and unmanageable.
Additionally, drying in these conditions invariably involves a
crack formation process that can barely be prevented when
the lateral size of the sample is above tens of micrometers.
Drying involves a contraction that does not occur in the sup-
porting substrate, which can only be accommodated by the
creation of cracks, as defects accommodate lattice mismatch
in epitaxially grown materials. The final result is a compact of
spheres arranged according to a fcc structure,['*®! whose pho-
tonic properties scale with bead diameter revealing their ori-
gin.'"?l A typical example is shown in Figure 11, where sever-
al facets are shown that belong to the fcc structure and are

Fig. 11. Scanning electron microscopy (SEM) images of four facets in a real
opal to be compared with a model crystal (center). a) Outer (111), b) inner
(111), ¢) inner (110), and d) inner (100).

not found in other possible lattices like hexagonal close
packed. The morphology includes the same kind of defects
that can be expected in ordinary solids. This is manifested in
optical spectra, mostly as a broadening of the peaks, diffuse
scattering, and a decrease in reflectance (increase in transmis-
sion) at the gap frequency.[m] It is worth mentioning that for
this kind of structure the best estimate for effective RI is the
Maxwell-Garnett approximation!'* rather than a weighted
average.

When beads are too large or too small (and so is their de-
position velocity) bad quality or no sedimentation is achieved
in a reasonable time; application of a vertical electric field on
the sedimenting vessel can help in achieving sedimentation.
This is rendered possible by the beads surface charge that
makes them respond to a macroscopical electric field.!">" This
way, large diameter beads can be slowed in their sedimenta-
tion, and small diameter spheres accelerated. The surface
charge can be governed by pH, which gives one extra handle
on the process. Limits on the highest voltage applicable are
mainly imposed by medium electrolysis potential for the elec-
trodes used.

The Langmuir-Blodgett method of thin film preparation
used for organic materials can be adapted to the growth of
thin film layers of fine particles.'>! Here, a single layer of
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monodisperse hydrophobic latex spheres or silica spheres ren-
dered hydrophobic by the use of a suitable reagent can be
spread at the air—-water interface in a colloidal solution. If suf-
ficient care is employed in the purification of the material
such films can be compressed and deposited by the Lang-
muir-Blodgett technique to form ordered multilayers that
show PBG properties. The compression causes the spheres to
close pack on the water—air interface, which is required to cre-
ate a close-packed layer on the substrate. The one layer pro-
cess can be repeated several times to grow a 3D structure.*?!
This method also allows a high degree of control in the syn-
thesis of layered colloidal structures.

As opposed to the above mentioned method where a single
layer is transferred to the substrate in each upstroke, polymer
particles can be made to crystallize at the air—water interface
by a combined effect of capillarity, aggregation, and thick film
transfer to a substrate.'**! A beaker containing a colloidal sus-
pension of spheres is heated and the particles near the
water—air surface start protruding due to evaporation. The
capillary forces make the floating spheres assemble and con-
vection aggregates new particles from the bath to build new
layers from underneath. The crystal thus formed can be trans-
ferred to a glass substrate introduced at an angle in the bea-
ker.

The capillary forces present in an advancing (owing to evap-
oration) meniscus can be taken advantage of to assemble or-
dered layers of colloidal particles.'** This was initially
exploited for monolayer films and later extended to virtually
any number of layers.[135] The method, very similar to Lang-
muir-Blodgett for film deposition, yields ordered arrays on
nearly any vertical surface. The set up is simple and only re-
quires a vial containing a colloid, where a flat substrate is in-
serted vertically. A meniscus is formed that draws particles to
its vicinity by capillarity. Evaporation sweeps the meniscus
along the substrate vertically, feeding particles to the growth
front. Colloid concentration and sphere diameter determine
the thickness of the layer deposited. Successive growth pro-
cesses can lead to the assembly of multilayers that can be con-
stituted of similar or different particles."* Although the
evaporation rate can be easily controlled through the vapor
pressure in the surrounding atmosphere, controlling the sedi-
mentation rate is not so easy as it is largely determined by
sphere size. A major challenge is encountered when the size
of the particles is too large (larger than about 700 nm) so that
the evaporation rate cannot m