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1. INTRODUCTION

Photonic crystals (PhCs) have set up a new trend in optical
materials thanks to their potential to control the propagation
of light in the linear and nonlinear regimes. These properties
can find applications in telecommunications and electronics, as
the current microelectronic technologies demand new building
blocks to integrate photonics’ in their hot and slow” semicon-
ductor devices. Waveguides,® nanolasers,* ¢ superprisms,7 and
fiber-to-chip couplers® are being designed for this purpose. Aside
from the manufacturing and technological limits, PhCs formed
out of colloidal suspensions, or colloidal photonic crystals
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(CPhCs), offer a good scenario for the study of the physics
behind the propagation of light in periodic media and an
inexpensive testing ground for new discoveries.

These materials are not new, however. From ancient times
human beings have been fascinated by the remarkable optical
properties of colloidal crystals. The mystical opals and insects
displaying iridescent colors (see Figure 1), incomprehensible
for our ancestors, have turned into the models for the study of
photonic crystals.

Regardless of this old fascination for opals and colorful
exoskeletons, the modern nanophotonics is a relatively young
branch of science, born almost 30 years ago when the fields of
colloidal material science and modern optics merged. Never-
theless, many of the breakthroughs in the modern optical
technology have resulted from a deeper understanding of the
physics and the technology of colloidal materials.

Most of the electromagnetic phenomena are the consequence
of the interaction of electromagnetic waves (light) with matter.'”
The structures of modern photonic and plasmonic'"'* materials
are designed by attempting to manipulate the properties of the
electromagnetic waves. When the dimensions of the structures
are in the order of the wavelength of the light, the interactions are
better described using the laws of quantum mechanics. It is
important to notice that the electromagnetic properties are
scalable with the dimensions of the structures. This makes
photonic materials easy to adapt to the requirements of the
application regardless of the material used, which offers an
advantage over semiconductors technology. This is possible
because Maxwell’s equations'* do not have a characteristic length
scale, which implies that the effect of the very short spatial
periods of the electron densities interacting with the very short
wavelengths of X-rays can be scaled up to much larger periodi-
cities (as in colloidal crystals) corresponding to electromagnetic
waves with much larger wavelengths (as the visible and infrared
spectrum). Unfortunately, the periodicity of matter at such small
dimensions is technologically very difficult to scale. The advances
of nanoscience in the last few decades allow the achievement of
periodic nanostructures, normally by means of very expensive
and laborious techniques."* It is at this point that CPhCs provide
an inexpensive approach used nowadays for experimental pur-
poses but amenable to industrial processing."

The concept of PhCs will be introduced in section 2 with an
overview of the most common fabrication techniques. In section 3
the main feature of these structures, the photonic band gap (also
named stop band), and its physical description will be explained,
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Figure 1. Morpho butterfly has become an emblem of natural photonics. In the figure, the images magnify parts of the photography of a blue butterfly
wing, offering a (a) low-magnification optical microscopy image, (b) low-resolution field emission scanning electron microscope (FESEM), and (c)
high-resolution FESEM image. Images (d)— (f) display the same sequence of microscopies for a black butterfly wing from the same species. The insets in
(c) and (f) show the Fourier spectra from the images. The experiment’ demonstrates that the different colors are caused by different nanostructures.
Reprinted with permission from ref 9. Copyright 2009 American Chemical Society.
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Figure 2. (a) Transmission electron microscopy images of spherical
colloids (d = 223.8 nm) and (b) Fe,03/SiO, core—shell ellipsoids with
an aspect ratio of 1.5.*° Reprinted with permission from ref 26. Copy-
right 2009 Wiley-VCH.

together with some tools for its modulation. Section 4 deals with
the concept of band gap engineering and superlattices. Defects
induced in the structure and the modes created due to the
presence of the former defects leads to the concept of pass band.
Fluorescence will be introduced in section S, where we discuss
how a photonic band gap, engineered to match the energy of the
radiative transition, can inhibit the emission from a dye em-
bedded in the structure. An account on how the emission supp-
ression was afterward used to enhance energy transfer within the
PhC is explained in section 6. The colloidal crystals also have
been used to enhance nonlinear emission, either modifying the
speed of the fundamental wave or allowing the phase matching of
the generated beam, as will be analyzed in section 7, followed by
the conclusions.

The primary goal of this review is to overview the optical
properties of CPhCs for the chemistry audience from the
perspective of physical chemistry, with a special emphasis on
the radiation process and the energy conversion within the
photonic structure, which is very often excluded from standard
photochemistry books and review articles. Because the discus-
sions of these topics are still open-ended, a chronological over-
view of the historical research and the progress made in this field

during the last few years is given, together with clear explanations
of the physics involved in these processes. Notice that we do not
want to review everything or repeat previous efforts but will focus
and refer the readers to other reviews when appropriate.

2. COLLOIDAL PHOTONIC CRYSTALS

2.1. Colloids and Materials

Conventionally, a colloid is a two-phase system, where one
phase is dispersed in a second phase called the continuous
medium.'® A colloidal crystal is formed from solid monodisperse
beads of particles, ranging from a few nanometers to the micro-
meter scale. The monodispersity of the nanoparticles is a key
factor, because the periodicity of the structure will rely directly on
the monotonic size of the beads, and therefore, unintentional
different sizes cannot result in a periodic structure.

The most commonly used colloids in colloidal crystals are
silica (SiO,) spheres synthesized by the Stober—Fink—Bohn
method;'” however they can be made out of other oxides, e.g,,
titania (TiO,), also synthesized via hydrolysis of an alkoxide,'® or
ceria (CeO,), although for the latter the hydrolysis offers poor
control on the shape and it is normally produced with other
methods."” Many polymers can be used in the synthesis of col-
loids, produced in many different polymerization routes.***'
Among the polymers, }z)olystyrene (PS)** and poly(methyl
methacrylate) (PMMA)>® are the most employed. Colloids can
also adapt different shapes®*® (see Figure 2). Interested read-
ers can find details elsewhere.””*®

2.2. Deposition Techniques

The fabrication methods of CPhCs are low-cost, bottom-up
techniques. The colloids intrinsic property of self-assembly is
used in our favor to pack the particles in a three-dimensional
(3D) periodic arrangement. A recent publication from Lépez and
co-workers®’ reviews self-assembly for ordered and disordered
structures.

The most common of the methods available is vertical deposi-
tion,””* driven by thermodynamic rules of minimum energy
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conformation. The particles, suspended in the solvent wherein
the substrate is vertically placed, are attracted to the meniscus of
the liquid and, as the solvent evaporates, pile up in a close-packed
fashion. The quality of the crystal formed depends on many
closely related parameters,®' for example, the size and material
of the beads are dependent on the solvent employed, due to
the compromise between evaporation rate and sedimentation. In
fact, this compromise becomes problematic for large spheres.
Other similar techniques like gravity sedimentation” and hori-
zontal deposition®® are based on the same principle.

Non-purely self-assembly techniques are electrostatic repulsion,****
spin-coating template-assisted assembly,*® physical confinement,*”**
capillary forces-induced convective self-assembly,”” and electric field-
induced assembly.*> Among forces driven methods, the most popular
are spin-coating’"** and Langmuir—Blodgett.*

In spin-coating a very concentrated colloidal suspension is
spun on a substrate rotating at high speed.** This technique has
the advantage of the rapidness and that it allows the deposition of
spheres that, for whatever physical reason, do not tend to self-
assemble, and their deposition on surfaces is otherwise unsui-
table for that purpose.** The major influence on the quality
comes from the solvent chosen for the deposition, as a very vola-
tile solvent will not allow the shear forces to impose the desired
order whereas a low volatile solvent will lead to extremely long
deposition times. The deposition of spheres in a polymer matrix
has been reported*"** as being successful using a single-step
process, giving rise to a noncompact packing. The resulting com-
posite has no strong photonic effect as the contrast between the
refractive index from the matrix and from the spheres (typically
silica) is not high enough, but a selective removal of the spheres
or of the matrix offers, respectively, a polymer inverse opal or a
silica opal. The drawback of this technique falls on the quality of
the crystal, which is composed of a circular distribution of rotated
domains.

In the case of Langmuir—Blodgett, for which a very complete
review by Bardosova can be found,* the absolute and precise
control on each layer deposited is the best advantage. However,
the tedium of this technique and the low packing efficiency
between successive layers relegate this technique to research,
where it is especially useful for controlled defect formations
(see section 4).

2.3. Packing of Colloids

The preferential packing conformations for monodisperse
spherical particles depend on the deposition technique employed
for the crystal formation. Hexagonal close-packed (hcp) and
face-centered cubic (fcc) are the most common lattices obtained.
Using self-assembly techniques, the parameters chosen for the
deposition dictate the final packing, but most of the time one
deals with a mixture of both.*** The mixtures of these two
conformations is commonly denominated as random hexagonal
close-packing (Rhcp). Here, the proportion of fcc seems to be
higher for slow depositions, closer to thermodynamic equili-
brium,**”%% and for certain deposition methods.>" Langmuir—
Blodgett achieves a close hexagonal lattice for each layer, which
normally would lead to hep or fec 3D structures, but the packing
of layers proves to be inefficient. Although fcc packing is
accepted, a good discussion can be found in the recent review
from Bardosova.*® External forces can also induce different pack-
ing orientations as was reported for the spin-coating technique.**
The influence of the packing and materials on the photonic
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Figure 3. Typical optical attenuance spectra of colloidal photonic
crystals from silica spheres of 258 nm (red) and 305 nm (black) dia-
meter measured perpendicular to the substrate. On top of the spectra
a picture shows 8 crystals, deposited by vertical deposition, arranged
in increasing colloid size. The position of the diffraction peak is
superimposed.
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Figure 4. Example of destructive interference in the reflection of light in
successive interfaces separated by 4/2. In the first interface, if n; > n,, the
beam is reflected with a phase shift of 77 (or half wave loss). At the second
interface, after traveling 1/2 where the phase of the transmitted beam
(E,) has shifted 7, it suffers a reflection with no loss. The reflected beam
(E;) covers the distance back (1/2), with the corresponding phase shift
(o), and it is transmitted at the first interface. The beams reflected in the
first (E,) and in the second (E, ) interfaces have a phase difference of 77 +
7T + 7t = 37 = 71, and the resulting interference is destructive.

properties of the periodic nanostructures is discussed in the next
section.

3. PHOTONIC BAND GAP

Recalling that 3D colloidal crystals consist of a periodic array
of macroscopic uniform colloidal particles distributed forming a
repeating pattern, like atoms do in a crystalline solid, the com-
parison can be established with semiconductors.*> The macro-
structure can be considered as a crystal and the colloids are
sometimes referred to as “dielectric atoms”. The effect of this
arrangement upon the propagation of electromagnetic waves can
be described in terms of a band structure due to their ability to
control photon propagation in the same way as semiconductors
control the flow of electrons.'® The periodic changes of refractive
index within the colloidal crystal, i.e., crystal/voids, result in the
appearance of a forbidden region of frequencies for photons.
This region is called photonic band gap (PhBG), which is a
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Figure S. (a) Brillouin zone (left) for the fcc lattice (right): a truncated octahedron. The points I', L, U, X, W, and K correspond to the high symmetry
points. The direction 'L (represented with a blue arrow coming from the center of the polyhedron to the center of the hexagonal face) is the direction
normal to the (111) plane, the plane typically parallel to the substrate. The direction I'—U (gray arrow) is a deviation of 35° from I'—L and corresponds
to the direction [411]. (b) represents the photonic band structure (left) for the two directions mentioned before. Note that there is no complete gap, but
that there are some partial gaps (striped area). The band gaps in the dispersion curves can be assigned to the attenuance spectra for the different

directions of propagation.

crucial parameter for molding the propagation of light. The
typical optical attenuance spectrum of colloidal photonic crystals
can be seen in Figure 3, where each band gap corresponds to a
different colloidal size. The picture on top of the graph shows a
series of photonic crystals deposited using vertical deposition.
The reflected color wavelength corresponds to the position of
the band gap in the visible spectrum.

3.1. 1D: Bragg Diffraction or Standing Wave

A simple way to get a physical picture of the band gap peak
can be attained by picturing it as a diffraction peak formed by
constructive and destructive interferences of light, which is
caused by the multiple reflections and refractions from different
crystal planes®** (see Figure 4). To calculate the peak of the
band gap, one must consider the amplitude of the refracted and
reflected light but also the phase. For along distance between the
planes, the incident and reflected beams will not have any phase
relationship and they will not interfere, but if the distance
between planes is in the order of magnitude of the light
wavelength and a multiple of a fraction of this, i.e,, /4, 1/2, or
3/44, the propagating waves will add, giving rise to constructive
and destructive interferences. The nature of the interference
will be dictated by the distance between planes, because the
phase will depend on the distance covered, but also by the
phase change at the interface when the second layer has a
higher refractive index.

With this method it is easy to calculate roughly the position of
the peaks in terms of the thickness and the refractive indexes:

]«peak = 2d+\/neg? — sin? a (1)

where 4 is the wavelength of the incident light, d is the distance
between planes, a is the angle of incidence, and n.gis the effective
refractive index™ of the crystal, calculated as follows:

Neff = \/f"’lps2 + (1 _f)nair2 (2)

where f is the filling factor, n, is the refractive index of the
particles, and n,;, is the refractive index of the voids, normally
filled with air. For a close-packed structure the filling factor is

f = 0.74. As previously discussed, most deposition techniques
lead to fcc or hep structures. In both cases the crystallographic
plane (111) is formed parallel to the substrate.*® Therefore, the
observed band gap at normal incidence is the Bragg diffraction
peak of the (111) plane of the colloidal crystal, which can be
calculated by eq 3

Apeak = 2Dng(0.816) (3)

where D is the diameter of the spheres and the constant 0.816 is
taken from trigonometric calculations to adjust the distance
between planes for a close-packing of spheres. For colloidal
particles with sizes from 200 to 400 nm and typical refractive
indexes around 1.4, the peak falls in the visible region of the
electromagnetic spectrum.

This method allows one also to estimate the amplitude of the
reflected and transmitted waves. The Fresnel equations,s7 for the
case of normal incidence, state

2
R = (7’11 ”2> (4)
ny + ny

where R is the reflected fraction. The quadratic character of this
equation makes R always positive and bigger as the difference
between n; and n,, i.e., the refractive index contrast, increases.
This equation relates the strength of the band gap to the materials
used, as a higher refractive index contrast will reflect a more
intense beam (E,). Materials such as TiO, (n ~ 2.5), ZnS (n ~
2.36), and some polymers are good candidates.

3.2. 3D: Dispersion Curves in the Brillouin Zone

To go beyond the 1-dimensional picture, solid-state physics
makes use of the Brillouin zone*® (see Figure Sa), a characteristic
feature from crystallography to characterize the solutions for the
wave (wave function®) crossing the PhC. The Brillouin zone
is to the reciprocal space what the unit cell is to the real space.
The reciprocal space is directly related to how the photon sees
the material, and it defines the areas and boundaries that affect
the movement of an electromagnetic wave. The Brillouin zone
concentrates in a single diagram (see Figure Sb) this reciprocal
space for a periodical structure, e.g., for a colloidal crystal, and like
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Figure 6. Attenuance spectra, in dot lines, of CPhCs made up of (a) silica spheres and (b) air-core/dense-silica-shell hollow spheres. In solid lines the
effect upon infiltration with different liquids is depicted: (1) ethanol; (2) dimethylformamide; (3) toluene; and (4) 1,2-dibromoethane. Modified from
ref 72. Copyright 2008 American Chemical Society. (c) PhBGs measured in reflectance of ZrO, (285 nm) with voids filled with fluids of different
refractive indices: (A) air, (B) methanol, (C) ethanol, (D) 2-propanol, (E) tetrahydrofuran, (F) dimethylformamide, (G) toluene, and (H) 1,2-
dibromoethane.”" Reprinted with permission from ref 71. Copyright 2002 American Chemical Society.

in crystallography, by defining the critical points of the lattice it is
possible to plot the frequencies allowed in each direction and the
band structure of the crystal.>*

The Brillouin zone represented in Figure Sa corresponds to a
fec lattice, and so does the dispersion diagram in Figure Sb. The
band gap is marked with a striped area in the graph. Only the
dispersion curves for the directions I'=L and I'—U are repre-
sented in order to concentrate the explanations on the com-
monly obtained result, i.e., the fcc structure with the plane (111)
parallel to the substrate. Direction I'=U would correspond to an
inclination of 35° from the normal. Notice, in the dispersion
curve, that the band gap shifts to higher energies as the angle
increases. This corresponds to the attenuance measurement
from a real CPhC, plotted in Figure Sb. The dispersion curve is
therefore dependent on the Brillouin zone, which itself depends
on the packing of the colloids.

The position of the band gap would vary for nonclose-packed
structures and for inverse opals. The result can easily be deduced
from eqs 1 and 2. In the first case, f will be smaller, and this will
reduce the n.gmaking also smaller the lpeak, and the PhBG would
shift to higher energies. For the inverse opal, it is more interesting
to see the evolution of the PhBG position along the whole
fabrication process. First, when the structure is infiltrated with
the high refractive index material, the n.g will clearly increase and
s0 will do Apeq. Once the colloidal material is removed, the
position of the resulting PhBG will depend on the refractive
index of the new material but in any case, it will move back to
higher energies. A clear example can be found in the paper from

King et al®®

As the contrast in the refractive index increases, a broadening
of the gaps is induced in the dispersion curves along the I'=L and
I'-U directions. For high enough contrast, an opening of a full
PhBG at higher frequencies can be observed. In the work from
Marichy et al,®" simulations of the band structures for the
infiltration process of a silica opal with titania, and after the
subsequent removal of the silica, can be found.

Summarizing, the main characteristics of the PhBG are the
position, the amplitude, and the width. The position of the PhBG
depends on the size of the spheres (for a given material), the
amplitude or attenuance strength will be defined by the number
of layers forming the sample, and the width will be given by the
refractive index contrast, as it can be deduced from the dispersion
curve (in Figure S). These parameters can be seen depicted in
Figure 3.

A very popular tool to model the PhBG is the finite-difference
time-domain method (FDTD).**® This method solves Maxwell’s
differential equations using an iterative approach. The compo-
nents for an arbitrary electric field (E-field) vector are set for
certain time and position, and the components for the magnetic
field (H-field), dependent on the change of E-field through the
curl, are calculated. The results from the latter are used to
recalculate the first ones, and those for the second ones, until
the solution becomes stable. The method is applicable to 3D
using Yee cell,** which divides the electric and magnetic compo-
nents for the six faces of a cube.

3.3. Full Photonic Band Gap and Inverse Opals
Strictly speaking, the PhBG obtained typically in CPhC is a
pseudogap, because it does not forbid the propagation of one
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wavelength in all the directions; even more, the affected wave-
length varies with the incidence angle. A full PhBG blocks the
propagation of certain energy photons in all the directions. In a
hep lattice with low refraction index contrast, characteristic of
CPhCs, the formation of a full PhBG is highly unlikely. In
contrast, a diamond lattice, even when using a material with a
low refractive index, allows the formation of an almost complete
band gap.®® A diamond-lattice structure can be realized by means
of lithograé)hy, two-photon polymerization,66 or microrobotic
techniques.”” Hence, the engineering of a full band gap CPhC has
not yet been realized experimentally in the visible regime.*® Never-
theless, due to the huge potential applications, the design of a
complete band gap in the optical range is still one of the final goals of
modern nanophotonics. A recent approach achieves an almost
complete band gap from low refractive index colloids, like silica or
polystyrene particles, by depositing the colloidal crystal on a curved
substrate due to the numerous refractions and reflections on the
bended surface. "

Additionally, colloidal crystals are useful as templates for the
fabrication of inverse opals, which can improve the photonic
band gap properties. This is based on the infiltration of a material
with a high refractive index in the voids of the opal, eventually
followed by the removal of the beads, in order to increase the
modulation of the refractive index’' and to lower the filling
factor’* (see eq 2). The results are summarized in Figure 6.

Inverse opals might, therefore, lead the way to obtain a full
PhBG, by virtue of using CPhCs as the basis for their fabrication.
Currently, a full PhBG for high-energy regimes from a silicon
inverse opal has been reported.”

4. DEFECT MODES AND BAND GAP ENGINEERING IN
CPHCS

The analogy of photonic crystal with semiconductors goes
beyond the formation of a forbidden energy gap for the carriers.
In a similar way that defect modes can be created in semicon-
ductors by doping, it is possible to create regions inside the PhBG
where only a range of wavelengths is allowed to cross, by the
introduction of defects. The type of defects can be classified
using crystallographic terminology,” because CPhCs form lattices.
Natural defects can always be found in CPhCs, including vacancy
defects, defect lines, misaligned domains, and cracks. Never-
theless, it has been proven that, overall, the artificial colloidal
opals have good quality and the properties of a single crystal.”>

Still, defects can be introduced intentionally. As a result, the
presence of an interruption in the periodicity creates a defect
mode and causes a dip in the band gap. This depression is called a
pass band, for its similarity with the signal-processing filters.”®
The position of the pass band is, again, dependent on the nature
of the defect, i.e., on the refractive index, on the size of the defect
itself, and, as the band gap, on the angle of incidence.””

4.1. Defect Formation Techniques

Many different techniques have been proposed to break the
periodicity of the colloidal lattice in a controllable way. A point
defect in a CPhC becomes a microcavity of a high-quality
factor,”® due to the strong localization of light. This feature is
interesting for light-emitting diodes and low-threshold lasers, and
it will be introduced in section 5.3. Point defects in a CPhC have
been created by lithography”® with total control on the position
and size, taking advantage of the intrinsic property of the colloids
to self-assembly.

0s
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Figure 7. (a) Scanning electron microscopy (SEM) side view of a
(390 nm),/(590 nm),;/(390 nm)s stack and (b) experimental near-
infrared (NIR) transmission spectra of colloidal crystals with a defect
layer located at different relative positions inside the heterostructure.”
Reprinted with permission from ref 92. Copyright 2009 American
Chemical Society.

A defect line in a PhC is in effect a waveguide. CPhCs have
been used as a template to fabricate inverse opals where a defect
line has been introduced® by multiphoton polymerization
previous to the normal steps of infiltration and beads removal.

Planar defects can be introduced in many different forms,
and the nature of the defect layer is variable, as it is the way for
its degosition: Langmuir—Blodgett,*"** chemical vapor deposi-
tion,*” or spin-coating.** To deposit a layer from a polymer or
from small particles, spin-coating is a suitable technique,®%
whereas for spheres deposition, Langmuir—Blodgett offers the
best control over the number of layers.*”

In purely CPhCs the defect is a layer made up of different
spheres to those where they are sandwiched in between. The
spheres must be either from a different material”" or of a different
size. At the same time, the pass band created will depend on the
type of planar defect introduced.

4.2. Donor—acceptor Modes through Different Colloid Sizes

CPhCs with planar defects made up of spheres of a different
size were achieved by Wostyn et al.*' by combining vertical
deposition with Langmuir—Blodgett. In all the cases, the defect
they introduced consisted of a monolayer of spheres bigger than
those of the surrounding opal. When they kept the size of the
latter constant, the position of the pass band moved across the
band gap, because the cavity, i.e., the diameter of the spheres in
the defect, increased. They compared this effect with the donor—
acceptor modes in semiconductors and determined that an
increase in the size of the defect will create a donor mode, which
is closer to the short-wavelength edge of the PhBG, which would
be the equivalent of a conduction band in semiconductors. The
counter-effect, an acceptor mode, was later reported in a pub-
lication by Massé et al,”* where the position of the defect layer
within the whole superlattice was also studied. The best crystal
conformation was found for a defect layer made out of spheres
that were smaller than those making up the host and located at
the center of the superlattice, because a monolayer of big particles
distorts the upper layers. Part of this work is displayed in Figure 7.

4.3. Role of Refractive Index

A good example of this possibility can be found in the paper
by Massé et al.”> where the experimental results are supported by
theoretical calculations based on FDTD. To this aim, the research-
ers combined in their paper three techniques for the deposition
of multilayers (vertical deposition and Langmuir—Blodgett) and
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Figure 8. Representation of the Jablonski diagram under the influence
of a CPhC, showing the ground state (S,) and the first (S;) and second
(S,) singlet excited states. The first triplet state is also shown (T;). The
absorption of a photon is depicted with an upward arrow. Spiral
downward arrows indicate internal conversion (i.c.) and intersystem
crossing (i.s.c.) (nonradiative transitions). Both fluorescence and phos-
phorescence are shown in full downward arrows. In the inset it is
highlighted how the colloidal photonic crystal interferes with the
radiative emission but has no effect on the nonradiative processes.

monolayers (Langmuir—Blodgett and horizontal deposition”),
conditioned by the nature of the spheres. The advantage of using
spheres of a different material but with the same size for the defect
layer is that the disorder induced in the other case is minimized.

In their approach also two cases are possible. If the refractive
index of the defect layer is bigger than that of the host layers, a
donor mode is observed, and the pass band is blue-shifted from
the center of the band gap. In the case of a defect layer made up of
a material with a refractive index lower than that of the host
layers, an acceptor mode is observed, and the pass band appears
on the red side of the band gap.

Other superlattices can be designed, such as the ones used”” to
narrow the luminescence from an emitter embedded in the
CPhC. The effect of the emission suppression in an opal is
developed in the following section.

5. FLUORESCENCE IN CPHCS

It is well-known that fluorescence is the process of radiative
(light-emitting) deactivation of a molecule that has been pre-
viously excited. The excitation might occur in different ways.
When the electron is promoted to the excited state by a chemical
reaction, the process is called chemiluminescence and if by an
electric field, electroluminescence, but it can also be mechani-
cally, with sound or with heat. However, all these different kinds
of luminescence share the same physics of radiative deactivation.
In 1852”° Stokes named the phenomenon of radiative deactiva-
tion as fluorescence “to denote the general appearance of a
solution of sulfate of quinine and similar media”. The name is
derived from the mineral fluorite (calcium fluoride), which
fluoresces due to the presence of divalent europium. In turn
the name fluorite derives from the Latin root “fluo”, to flow.
This makes the word fluorescence to derivate, indirectly, from
the word “flow”. The flow of energy in a fluorescence molecule or
atom is normally schematically plotted in the Jablonski
diagram.% In Figure 8 the Jablonsky diagram has been adapted
to include the interaction of fluorescence with the CPhC.

After the system absorbs the energy, it will be excited to a
vibrational level (/ = 0, 1, ...) in the first excited state (S;) orin a

higher one (S,, ..., S,)). Internal conversion will bring the system
to the fundamental vibrational level (/ = 0) in the first exited state
by a rapid deactivation. The system then has three paths to relax.
First, it can deactivate via a nonradiative way. Second, it might
fall to a triplet state via intersystem crossing (without photon
emission) and then emit a photon in a process called phosphor-
escence. And last, it can emit a photon decaying from the §; to
the Sy state. The last process is the fluorescence, a spin-allowed
transition with transition rates around 10° s~ '. Because of the
loss of energy (from S, to S; and from the vibrational levels), the
emitted light has a lower energy, and therefore longer wavelength,
than the absorbed radiation. All these processes of relaxation are a
consequence of the interaction of the system with the character-
istic electromagnetic modes of the environment.

Fluorescence is, therefore, the emission of a electromagnetic
wave, which can be influenced by the PhBG as was predicted by
Yablonovitch already 30 years ago.”” John and Wang”®® pre-
sented a theoretical investigation on the formation of photon-
atom bound states for an atom in a PhC. When this phenomenon
occurs, a reduction in the emission intensity in the energy range
of the band gap is observed. This reduction is a consequence
of the change in the lifetime (7) of the excited states, because
any emission process is dependent on the coupling with the
environment. Also the decay occurs via optically driven electron—
phonon interactions or via two-photon spontaneous emission
depending on the nature of the material where the dye is located.
A splitting of the excited energy level is predicted when the atom
transition frequency lies near the band edge.'” An overview of
the discoveries made in this topic is given next.

5.1. Fluorescence Suppression

Fluorescence suppression and the dependence with the angle
was reported by several groups and for different configurations.
Bogomolov et al.'”" fabricated artificial opals by precipitating
SiO, colloids and examined their optical properties. They
observed how the stop band shifts upon deviating from normal
incidence in transmission and upon changing the observation
angle for the fluorescence of rhodamine 6G. Similar results for
dye-doped polystyrene PhCs were reported by Yamasaki and
Tsutsui'® and for CdS infilled opals by Blanco et al.'*

The presence on the nanostructure’s surface of fluorophores,
which are not affected by the PhC, makes it difficult to evaluate
the full effect of the PhBG on the fluorescence. In fact, fluores-
cence from embedded emitters does not only originate from the
outermost layers but from the entire crystal. Observations'®* that
the PhBG seems shallower and less wide in a fluorescence
experiment compared to transmission experiments were ex-
plained through a mechanism of diffuse light scattering as the
crystals scatter more strongly near a band gap. This was later
confirmed when similar effects were seen for a dye covalently
bound to the interior portion of the crystal,m5 as shown in
Figure 9. A photonic structure with the PhBG at the emission
frequency of the fluorophore but where the emitter was selec-
tively attached to only few layers in the center of the whole stack
(see inset Figure 9b) was engineered. A second stack with the
PhBG far from the emission wavelength was used as reference. It
was shown that the PhBG created in a silica CPhC is incomplete
and that it cannot suppress the omnidirectional emission of the
sources.

5.2. Density of States
To understand the mechanisms taking place for the suppres-
sion, a deeper study of the radiation process is needed, and the
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Figure 9. (a) Emission spectra (solid line) of a dye in a sandwich-like sample (see inset to b) and in a reference sample (dashed line). (b) Relative
emission (solid line) and transmission (dotted line) spectra of the sandwich-like sample. A schematic illustration of the omnidirectional propagation and
back-scattering of emission from photon point sources embedded in a sandwich-like sample is given as inset to a. L, lens; D, diode.'®Reprinted with

permission from ref 105. Copyright 2006 Elsevier.

study of fluorescence deals with the influence of parameters
inherent to luminescence, such as the bleaching of the emitter or
the environmental influence on the dye. This was a relevant
issue on the results from the first report on modified emission
originating from a 3D PhC,'% where they reported inhibition of
the radiative decay of a fluorophore, Kiton Red S, in an ordered
aqueous suspensions of polystyrene microspheres. The effect,
measured by means of pump—probe techniques, was attributed
to the extinction due to Bragg reflection. However, in subsequent
experiments by Tong et al.'”” using a time-correlated single-
photon-counting technique, it was shown that a large fraction of
the effect described before' could be ascribed to a local photon-
field interaction with the emitter (colloid—dye interactions)
combined with the high dye concentration used, in particular
when taking into account the considerable overlap between the
absorption and emission spectra of the fluorophore leading to
reabsorption and reemission.

Experimental modifications were needed to prove the pho-
tonic effect on the emission decay kinetics. Doing this, Petrov
et al.'®® reported nonexponential decay kinetics from a dye (1,8-
naphthoylene-1’,2-benzimidazole) solution in PMMA in the
voids of a SiO, opal and supported this result by demonstrating
spectral modification compared to a film of the polymer with the
same infiltrated dye. The nonexponential decays comprised both
inhibited and accelerated components, whereas the average
decay time remained fairly unchanged. This was attributed to a
redistribution of the photon density of states (DOS) available.
This claim was challenged by Megens et al."” They held that the
difference reported between accelerated and inhibited decay
times was larger than could be accounted for by theory, and
from their experiments on crystals built from colloids with a
layer of embedded chromophore, they saw no such nonexpo-
nential behavior. This contradiction led to the conclusion' ' that
the difference of location of the dye, uniformly distributed in the
high-index material versus a narrow layer in the high-index
medium, changes the local density of photon states experienced
by the fluorophores. The implication was that the dye molecules
in the thin shell experience a much more uniform photon DOS
than those distributed throughout the high-index region. Subse-
quently Megens et al. reported'"" fluorescence investigations
from dye molecules bound on a shell inside the colloids where
they observed the spectral modification as expected. The excited-
state lifetimes of the dye remained largely unchanged whether

the colloids formed a PhC structure or not, but they did observe
a change in lifetime on changing the collection wavelength,
decreasing linearly until a certain wavelength, after which it
rapidly increases. This wavelength dependence was interpreted
as originating in the increased density of optical modes per unit
volume available at shorter wavelengths, because the density of
optical modes depends inversely on the wavelength.'"

A theory based on DOS turned out to be needed to explain
the observations on one of the first accounts of the use of
inverse titania opals to influence fluorescence from embedded
emitters,"'® where a double stop band at higher collection angles
of the fluorescence was reported. These spectral features were
confirmed by reflection spectroscopy and led them to conclude
that simple Bragg diffraction does not suffice to explain light
transport through PhCs. Using organic dyes for their large
inhomogeneous and small homogeneous linewidths absorbed
in the voids of an inverse TiO, opal to probe the DOS over a
large frequency range, Koenderink et al.''*''> observed large
inhibition of the spontaneous emission by the PhC due to its
modification of the DOS. They concluded that it is necessary to
take the local DOS (LDOS) into account, rather than to average
the DOS over the unit cell, as was often done. Locally the DOS
varies much more over a given frequency range compared to the
average over the unit cell, and it is this LDOS that is probed by
the dyes in the inverse opal instead of the unit cell averaged one.
They predicted that time-resolved decay measurements per-
formed on dyes with high quantum efficiency would show as a
composite of decay curves rather than as a single exponential, as
was confirmed experimentally later."'®'"” Both inhibited and
accelerated decay rates were observed from quantum dot emit-
ters in an inverse titania opal,''® offering control on the radiative
decay through the engineering of a PhC over both a much wider
frequency range and a much larger volume than typically afforded
by a cavity. Also the enhancement of the emission at the blue
edge of the crystals,""” both for inverse and direct opals, cannot
be explained through a standing wave picture but can be ex-
plained through a diffuse light model, the framework for which
was described earlier.'*® The influence of a higher-order stop
band of an opal on fluorescence emission was reported in the
same article.'"”

Froma microscoIpy experiment, backed by theoretical calcula-
tions, Barth et al."*" found that, for relatively low index contrast
crystals, e.g., polystyrene —air, there still are significant changes to
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Figure 10. SEM images of the inverse silica opals made from a
polystyrene opal template. The green iridescence from the sample can
be seen in the photomicrograph inserted in (a)."”* Reprinted with
permission from ref 123. Copyright 2007 American Chemical Society.

the emitted radiation and that redistribution of the optical DOS
is also an important mechanism for emission modification.
Notably they observed nonexponential decay curves from their
organic dyes but did not attribute these to PhC effects. This
redistribution of the optical DOS was subsequently investigated
by Li et al."** in magnesium silicate inverse opals using a rare
earth ion, viz. Eu’*. They paid special attention to the angle
dependence of the emission. A lifetime enhancement of rare-
earth ions, Tb*" in this case, in inverse opal PhCs (see Figure 10)
was reported by Aloshyna et al.'*®

In another letter, Barth et al.'** reported the first observation
of single quantum dots inside PhCs and how, using a defocusing
technique, they observed the extra anisotropy added by the stop
band of the PhC even for a single emitter. Another ex%)eriment
using quantum dots was performed by Nikolaev et al. ' inves-
tigating the nonexponential decay curves observed in inverse 3D
PhCs, explaining these by a continuous distribution of decay
rates. This distribution was linked to the distribution of the
emitters inside the unit cell of the crystal, suggesting that it is not
necessary to have a complete PhBG to achieve spontaneous
emission suppression or strong enhancement, but that a careful
position control of the emitters inside the unit cell could do
this.'>® The validity of this approach was confirmed by Vallée
etal.'"” for silica opals, using organic dyes. Further insight in the
directionality of emission was provided by Brzezinski et al.'*® by
showing solid-angle resolved emission patterns of >76% of the
available angles on one side of the fluorescent PhC. The PhC
here was an inverse opal built up of ruthenium trisbipyridine
[Ru(bpy);]**(PEs ),. Vion et al.'*” also performed angle-re-
solved experiments, on silica—air opals, measuring the fluores-
cence decay curves at different angles.

5.3. Lasing

Another important phenomenon in synthetic opals, namely,
lasing, was first reported by Yoshino et al.">® Using polystyrene
inverse opals infiltrated with rhodamine 6G in methanol, not

only did they observe inhibited spontaneous emission but they
also induced spectral narrowing of the emission at high input
powers. In a subsequent letter'>” the effect is attributed to optical
feedback in the opal matrix, and they explain how they observed
spectral narrowing and sharp emission lines on infiltration of
the emitters in voids of the silica opals with a reflection peak
matching the emission spectrum of the emitter. The periodic
structures decrease the lasing threshold compared with disor-
dered structures. On introducing an index-matching liquid, these
features disappeared at constant input power, demonstrating the
role of the photonic structure on the observed phenomenon.
Stimulated emission attributed to resonance effect in photonic
crystals has also been reported in sandwich-like hetero-opals, i.e.,
two stacks of CPhCs of different sphere sizes together, impreg-
nated with luminescent CdTe nanocrystals.'** As the constituent
stacks of this hetero-opal have stop bands at different wave-
lengths, anisotropic reflection and emission spectra were ob-
served. Specifically, the emission depends strongly on from
which side of the interface light was collected and on the excita-
tion power. The latter, together with the appearance of a mini-
mum of transmission between the two respective stop bands,
suggests a contribution of stimulated emission due to an interface
resonance. The photonic band gap has the potential to modify
the DOS and in this way alter the emission from the material
embedded in the sample, which has been used to design low
threshold lasers and single photon sources.* '3

5.4. Electroluminescence in CPhCs

Electroluminescence in 3D PhCs was reported by Kaplan
et al."** They used chemical bath infiltration to fabricate SiO,—
Zn,SiO4:Mn and SiO,—GaN—ZnS:Mn composite opals. The
electroluminescence signal, excited by an AC electric field, shows
anisotropy in concordance with the angular dependence of the
PhBG measured in reflection. Further work on photolumines-
cence of complex inverse opals was performed by King et al,'*?
who used the atomic layer deposition technique to control both
the refractive index and the luminescent properties. The effective
refractive index could be tuned by changing the thickness of the
infilled TiO, layer and the luminescent properties by the doping
of the ZnS layer used. Another way of tuning the effective
refractive index was reported by Paquet et al,"** who used
capillary forces to insert PbS quantum dots in the voids of a
PhC built up of PMMA colloids.

The interaction between different fluorophores also raised
interest. Energy transfer in CPhCs is the topic treated in the next
section.

6. FLUORESCENCE RESONANCE ENERGY TRANSFER
IN CPHCS

One interesting phenomenon related to fluorescence is
Forster energy transfer. The Forster effect, or fluorescence
resonance energy transfer (FRET) 6135136 i< wwell-known in bio-
logy because it takes part in a large variety of phenomena in
nature, e.g,, photosynthesis,">” and was originally used to mea-
sure the distance between molecules. In a Forster process the
donor, a fluorescent molecule in an excited state, transfers its
energy to the acceptor. This can only happen if the donor
emission wavelength corresponds to the acceptor absorption
wavelength, in other words, if there is an overlap between the
absorption spectrum of the acceptor and the emission spectrum
of the donor, as is depicted in Figure 11.
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Figure 11. Forster energy transfer in the presence of a PhBG. (a) The
overlap of the donor emission band and the acceptor absorption band is
a requirement for this transfer to happen. The PhBG suppresses the
emission from the donor. (b) Example of the mechanism for an energy
transfer process between singlets. The suppression of the emission from
the donor by the PhBG enhances the energy transfer, and in turn the
emission from the acceptor increases.

Even though FRET is called fluorescence resonance energy
transfer, it is purely a nonradiative process, which competes with
fluorescence and other nonradiative processes. FRET is the result
of a dipole—dipole interaction and, hence, is very sensitive to the
distance between the molecules taking part in this process.
Accordingly, the efficiency of this process is inversely propor-
tional to the sixth power of the intermolecular separation. The
normal distance'*® for FRET to happen lies between 10 and
100 A. The transfer is very fast, <10~ s, and normally between
singlet states, but it can also involve triplet states:

Ip* 41 A—Ip 414"

Ip* —i—lA—’lD +3A*

Subsequently the energy might be radiatively emitted from the
acceptor molecule.

The study of FRET started before the publication by Forster in
1948,"* but it was he who developed the first theories. Later
theoretical works predicted that the resonance dipole—dipole
interactions could be enhanced in confined geometries.””'**'*!
The initial experiments from Folan et al."** in 1985 on the energy
transfer between molecules in micrometer-sized droplets, where
Mie scattering enhanced energy transfer rates (kgr), were
studied later by Andrews,'** who knew about the 5possibility to
extend this theory to Forster energy transfer.'**'*> The studies
led to the publication of two experimental works about FRET in
an optical microcavity.'**'*’ In these publications, the distance
between donor and acceptor was controlled by using layers of a
transparent material and by confining the system with silver
mirrors. In both cases, the linear dependence of the energy
transfer on the donor emission rates (ky) was observed, demon-
strating the importance of the distance between the donor and
the acceptor. The influence of the confinement was also observed
and attributed to the modification of the density of photonic
modes. Fermi’s golden rule was proposed to link the transfer rate
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Figure 12. On the top, extinction spectra for the active and reference
PhCs. On the bottom, fluorescence spectra of Cy3 and CyS dyes
embedded in a photonic crystal with the band gap suppressing the
emission from the donor (solid red line) and without suppression
(dashed line), measured using a confocal microscope.'*® Modified and
reprinted with permission from ref 150. Copyright 2007 American
Chemical Society.

and the cavity photonic modes.
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where p() is the density of final states and [M| is the matrix
element for the donor transition. The suggestion of controlling
the transfer by modifying the optical environment was supported
with analysis of emission decay profiles also for microspherical
cavities,"*® where it was stated that the enhancement could not
be explained simply by radiative energy transfer.

Given the Fermi golden rule, it is obvious that a structured
environment like a 3D PhC can be used for controlling the DOS.
The emitter—environment coupling allows us to control the
emission of light by modifying the surroundings of the dye
without the expensive and time-consuming protocols of syn-
thetic chemistry.

The first account on enhancement of energy transfer using the
photonic properties of colloids was reported by Shibata et al.'*
They used a concentrated suspension of silica particles in water
where two molecules, rhodamine B and rhodamine 110, were
dissolved. The efficiency of energy transfer was enhanced in the
presence of colloidal crystals when the Bragg peak wavelength
matched the emission band of the donor, rhodamine 110.
However, because of the low concentration of the dyes on the
suspension, which entailed too large distances for FRET, and
because of the lack of correlation with the crystal size, the authors
concluded that the main transfer mechanism should be radiative
transfer, i.e., emission and reabsorption, enhanced due to the
scattering and to photon trapping in the colloidal suspension.

Forster energy transfer in CPhCs was successfully brought to
practice recently.'*® In this experiment the distance between
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FRET pairs was controlled using oligonucleotides, a double-
strand backbone that was formed from two different single-
strand homo-oligonucleotides (either dT,, or dA;), one labeled
with cyanine 3 (Cy3) and the other with the complementary
cyanine S (CyS). The use of double-stranded oligonucleotides
allowed for the precise control of the distance between the donor
and the acceptor. Because this distance has a crucial influence
on the energy transfer, keeping this parameter constant was
essential for demonstrating the effect of the PhBG on the transfer
efficiency. Other design details that are highly relevant to study
only the effect of the band gap were the use of low and identical
dye concentration (100 nM) to avoid aggregation in solution and
to ensure similar distribution of dye molecules in both reference
and active crystals. The use of the same material for both crystals
ensured similar van der Waals and electrostatic interactions
between the DNA—dye constructs and the silica spheres. The
only structural difference between reference and sample crystal
was the size of the spheres (208 and 272 nm), resulting in
the different spectral position of the corresponding PhBG. The
dye molecules were infiltrated in both the reference (Apppg ~
430 nm) and the active (Ap,pg A 600 nm) photonic crystals by
dipping these in the nucleotides solution. The artificial opals,
based on silica colloids, had been made by vertical deposition.
Figure 12 shows how the PhBG, in the spectral region of the
donor emission, caused a decrease of its luminescence and an
increase of the spontaneous emission of the acceptor. By
inspecting the emission spectra, it is clearly visible that the PhBG
enhanced the FRET efficiency. In fact, an increase of the energy-
transfer efficiency (Egr) from 37% to 61% was reported.

These results were interpreted in terms of the optical LDOS,
or the number of photon modes, in the active PhC and in the
reference PhC. When the emission spectrum of an excited state
overlaps with the PhBG of the crystal surrounding the excited
dye molecule, the probability for a radiative relaxation pathway is
lowered due to a decrease in the LDOS (see also section S). If
additional relaxation pathways that are not affected by the
presence of a band gap exist, i.e., nonradiative pathways, their
probability is enhanced. Energy transfer to an acceptor molecule
is such a nonradiative relaxation pathway. This is schematically
illustrated in Figure 11b.

Although the rate of energy transfer, kg, is governed by the
available energy modes through the Fermi golden rule, it is the
influence of the PhBG on the decay time of the donor that plays a
role in the original equation calculated by Forster, where the rate
of energy transfer can be given as:

e — i(&)é ©

Tg\ 1

where 74 is the normal decay time of the donor, r is the distance
between the donor—acceptor pair, and Ry is the Forster distance,
a defined parameter for each donor—acceptor pair.”*'**

This interpretation was corroborated by fluorescence lifetime
measurements, showing the increase of the lifetime for the donor
alone (without acceptor) in the active crystal (see also section )
but no such increase for the donor—acceptor pair in the active
PhC. This indicated the aperture of a (slightly faster) additional
nonradiative relaxation path via energy transfer.

Subsequently, Yang et al. reported similar effects using fluor-
escein and rhodamine B in a CPhC'*" and by doping a TbPO,
inverse opal with Eu®"."*? In these experiments the dyes were
statistically distributed, without any control on the distance

between the donor and the acceptor. They concluded that the
energy transfer was obviously enhanced due to the photonic
structure by comparing the fluorescence from the photonic
structures to that from binary disordered templates.

The use of PhCs was also proposed in a recent publication*
to tune the energy trapped in photosynthesis, in an attempt to
combine biology with nanophotonics. However, it should be
emphasized that up to now the most used methods to improve
fluorescence properties and the efficiency of resonance energy
transfer are based on synthetic protocols, using covalent mod-
ifications of molecules to stabilize the excited states and to
suppress internal motions that would decrease nonradiative
deactivation pathways. Unfortunately, the synthetic approaches
are time-consuming and very expensive, while environment
modifications could produce similar results in a simple way.

FRET is currently employed in organic light-emitting diodes'>*
to harvest the triplet states created in the emitting layer using
sensitizers.'>> Enhancement of FRET has already been applied
to light-emitting diodes in microcavities,”>® and it has been
studied for its use in organic light-emitting diodes (OLEDs)
recently.””” It is important to realize that FRET is mainly a
Coulombic interaction between singlet states and that between
triplets, Dexter energy transfer, which is an electron-exchange
process, becomes more prominent over shorter distance. Triplets
play an important role in electroluminescence, where electrons
and holes are created independently by charge injection at
cathode and anode. For the reported photoluminescence
studies,">**5*'>7 the interactions between singlets are more
relevant, because photoexcitation creates mainly singlet excited
states from the singlet ground states of the fluorescent molecules.

53

7.COLLOIDAL PHOTONIC CRYSTALS AND NONLINEAR
OPTICS

The influence of the PhCs on the electromagnetic radiation
extends beyond the optical linear regime into the nonlinear
domain. Since the preliminary studies on the nature of the
anomalous behavior of light in the periodic nanostructures, it
has been suggested that the PhCs, or more specifically the PhBG,
might have also an influence on the optical processes occurring at
higher orders. However, most of the theoretical and experimental
work dealing with nonlinear optics (NLO) in periodic nano-
structures has been done in two-dimensional (2D) PhCs, namely,
waveguides, because 3D PhCs are still difficult to produce.'>®
Soljaci¢ and Joannopoulos'* provide a good overview of the
topic of 2D PhCs, which includes microcavities'® and nano-
cavities.'®" The research on the effects of PhCs in the nonlinear
optical regime becomes more difficult, resulting in less publica-
tions for the case of 3D structures.

7.1. Phase Matching

To our knowledge, the first experimental report was published
in 1997 by Martorell et al."*> In their paper they study the second
harmonic generation (SHG) in a low packing opal from 115 nm
diameter PS spheres coated with a layer of nonlinearly active
molecules. The beads, covered with Malachite Green, were depos-
ited forming a crystal using a cell containing an ion-exchange resin.
By this method the separation between the spheres can be tuned,
varying the concentration of the colloidal suspension. The sample
was excited with a laser emitting at 1064 nm; the incident beam was
polarized parallel to the plane of incidence. By using a mono-
chromator, the generated second harmonic (SH) beam, at $32 nm,
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Figure 13. (a) SH intensities and (b) band gaps measured in reflection for two different sphere concentrations in a colloidal suspension containing a
nonlinear material.'®> Reprinted with permission from ref 162. Copyright 1997 American Institute of Physics.

was collected in reflection as a function of the angle, giving rise to
an increase of intensity of reflected SH at certain angles (see
Figure 13). A maximum SH intensity was found to be at the band-
gap edge, where the phase lag between the fundamental and the SH
beam is overcome due to a decrease in the effective refractive index.
The dependence of the SH intensity with the distance between
planes, controlled with the concentration of particles in the
suspension, and therefore with the position of the band gap, was
also demonstrated.

In the case of colloidal PhCs where the building blocks are
spheres, the reader might be tempted to postulate that even-
order nonlinear optical effects would be negligible because of the
centrosymmetric arrangement. Because a spherical distribution
of noncentrosymmetric molecules would lead to a centrosym-
metric material at the macroscopic level, generation of a second-
order response is forbidden in the electric digole approximation.
Indeed, for centrosymmetric materials,'*¥1%* all microscopic
susceptibility tensor components are zero, and as a consequence,
second-order nonlinear optical effects are not observed in
centrosymmetric crystals. However, a second-order response
can be generated from higher-order multipolar contributions by
using spheres that are smaller in size than the coherence length of
the incident light, as confirmed by theoretical and experimental
work 1657167

The concept of phase matching is a common point for NLO
and PhCs, because phase matching is an important condition for
the generation of nonlinear harmonics and because it has also
been designated as an inherent property in periodic structures. In
the case of second-order NLO, the phase-matching condition
arises from the interference between the two incident waves, @,
and w,, with the generated wave, w3, which can lead to destruc-
tive interferences or to a coherent effect. It can be mathematically
demonstrated'®® that the interference will be constructive when
the momentum is conserved

ks=k + k + G (7)
where £ is the wave vector and G is the reciprocal lattice vector,
which is zero in a uniform material. In this case, the phase-
matching problem is normally overcome by using a strongly
birefringent crystal that will provide the necessary conditions for
the phase matching, based on the different refractive index for
ordinary and extraordinary wave.'®’

In the case of PhCs, G can be manipulated and the phase
matching might be provided naturally by the periodic nanostruc-
ture. Indeed, the effect of the phase matching in periodic struc-
tures was already reported thoroughly in 1962 by Armstrong
etal,'”® and it has been further exploited in quasi-phase-matching
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(QPM) structures,'”" a technique that allows almost perfect
phase matching between two harmonics by conserving the
momentum through an additional momentum contribution
corresponding to the wave vector of the periodic structure, in the
same way as in nonlinear photonic structures.'”?

Also, the anisotropy of the PhCs with different packing for
each plane gives rise to birefringence. By calculating the refractive
index for the different directions, one can find the phase-
matching direction in the crystal.'”®> The results can be later
related to the polarization dependence of the second harmonic
signal and to the second harmonic intensity, in good agreement
with the predictions.

The effect of the phase matching is expected at the PhBG
edges'”* and not at the peak where the group velocity (vg) tends
to be zero, as was observed experimentally by Fedyanin et al.'”
In their paper they measure the variation of the SH intensity
when the fundamental wavelength is tuned over the spectral
range of the PhBG (see Figure 14c). The nanostructure studied is
an opal of silica spheres infiltrated with silicon by thermal vapor
deposition (see Figure 14a). The size of the spheres, 245 nm
diameter, and the refractive index contrast between the silicon
and the silica set the PhBG at 870 nm measured under reflection
at different angles. The fundamental beam, tunable from 800 to
1000 nm, is linearly polarized and directed to the opal under an
angle. The SH beam is filtered and collected with a photomul-
tiplier in reflection. A maximum SH intensity is recorded 20 nm
red-shifted from the PhBG peak measured under the same angle.
This signal is 50 times higher than that measured outside the
PhBG. Furthermore, PhCs are believed to perfectly phase
match also counter propagating waves inside the periodic nano-

176
structure.

7.2. Group Velocity

Although the first studies attributed the enhancement of
nonlinearities in the PhCs exclusively to birefringence or to
phase matching,'””"”® which should be stron§lg' influent in the
case of the more exotic nonlinear PhCs,"””*7*"*? in recent publi-
cations the effect of the group velocity (v,) '*! has acquired more
importance. This effect has been specifically studied in slow-light
waveguides.'*>'%?

In another experiment performed in 2009 also by the group
of Martorell,"®" the effect of the PhBG at the wavelength
corresponding to the fundamental beam was studied. Poly-
styrene spheres (380 nm diameter) coated with Crystal Violet,
modified to allow chemical bonding, were deposited, forming a
photonic crystal with a band gap centered at 810 nm. The
sample was excited using a tunable laser in a range from 720 to
880 nm. In the experiment the laser is tuned while the SH
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Figure 14. (a) FESEM image of the silicon inverse opal, (b) reflection spectrum of the opal, and (c) spectral dependence of the SH intensity of the wave
reflected from the opal.'”® Reprinted with permission from ref 175. Copyright 2005 American Institute of Physics.
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Figure 15. (a) Photonic band gap (black solid curve) with SHG intensity (violet dots) and (b) numerical calculations for reflected (solid line) and
transmitted (green dotted line) wave group velocity and SHG intensity (violet dots). The red line is a constant average group velocity for the fcc close-
packed structure.'®" Reprinted with permission from ref 181. Copyright 2009 Optical Society of America.

signal is recorded using a monochromator and a photomul-
tiplier tube (see Figure 15a). A ratio of 15 between the SH beam
generated at 768 nm and the one generated at 840 nm was found,
but no noticeable variation was induced when the crystal plane
was varied up to 12°. However, in the same manner as in their
former experiment back in 1997, the SH enhancement did not
occur exactly at the wavelength of the PhBG but at slightly lower
wavelengths. Unlike for the previous interpretation, where the
effects of the PhC on the nonlinear optical response were
attributed to phase-matching effects, in this case the thickness
of the PhC is shorter than the coherence length for phase
matching, and that conclusion appears to be no longer valid.
They attribute the enhancement of the SH intensity to anom-
alous group velocities calculated for the flat bands of the photonic
band structure (see Figure 15b). In the vicinity of the PhBG the
group velocity decreases, which is supported in the paper by
theoretical calculations using the multiple-scattering Korringa—
Kohn—Rostoker method."**~'%¢ A slower v, implies a longer
interaction time between light and matter, explaining the more
efficient SHG.

It is possible to measure the group velocities in 3D and
colloidal PhCs by means of phase measurements, because a
phase shift in the propagating beam can be originated in the
sample'®” and this shift is related to the delay time caused by
partially ordered structures. Scattering and interference can
also give rise to localized light modes'®® in an appropriate
dielectric microstructure when the scale of the coherent
multiple scattering is reduced to the wavelength itself,
which is similar to the Anderson localization of electron wave

Figure 16. SEM pictures of (a) a 2D and (b) a 3D macroporous silicon
template.'”" Reprinted with permission from ref 191. Copyright 2009
Elsevier.

functions in disordered solids. Mathematically, the group velocity is
written as

dw
vg = (@) (8)

where ¢ is the phase delay and w is the angular frequency.
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The existence of negative group velocities in 3D colloidal
PhCs and the possibility to perform a transition from negative to
slow-light regime has already been reported"*”'*® for short
wavelengths, where Bragg diffraction is dominated by non-(111)
crystallographic planes and the system displazs atruly 3D nature.
In the paper from Galisteo-Lopez et al,'® a linear relation
between the v, and the number of planes is given. The group
velocity is still derived from the phase even in the presence of
extinction, and the experimental results are in concordance with
the theoretical calculations.

Recently, new procedures for fabricating PhCs out of materials
with nonlinear optical properties have been presented by Carvajal
et al,'”! where the nanostructured material was patterned by
different etching methods and the nonlinear material was grown
in the cast (see Figure 16).

Another exciting subject involves NLO polymers, a disci-
pline that encloses its own difficulties. In general, to make
a CPhC one needs first to generate spheres in suspension
with a low size polydispersity. Then, a good method to pack
these spheres in an ordered fashion is needed, and finally, the
structure must be stable when attached to the substrate.
Polymers pose challenges to employ because either the col-
loids are polydisperse, they do not tend to self-assembly, or
it is difficult to grow them on a substrate."” Still, the great
versatility of polymers'®> makes them very interesting for
technological applications. Furthermore, many polymers ex-
hibit nonlinear properties or can be doped with nonlinear
optical chromophores.'* Also, by changing the properties of
the polymer one can influence the nonlinear response, which
allows one to tune the nonlinear optical properties of the
material with the pressure, the temperature, or the strain.'”®
Therefore, the challenge now is to find a polymer with non-
linear properties that can be synthesized in monodisperse
nanospheres that pack in a periodic fashion.

8. CONCLUSIONS

Colloidal photonic crystals can be made up of a large
variety of materials, making use of the numerous techniques
for their deposition and considering the requirements of the
application intended. The efforts made by many research
groups in the last two decades have improved the fabrication
of CPhCs up to the quality and versatility suitable for the
study of their photonic properties. Many of the investigations
made in these decades were focused on the emission and light
generation inside of the photonic structure because it influ-
ences directly the energy levels of the molecule or atom
emitting.

The researchers concluded that, using density of states
formalism, the study of wave propagation in periodic media is
much more simplified than when explained simply by diffraction
and reflection of light. The studies suggest that the PhBG is in
fact a modification of the density of states with all the conse-
quences involved. For example, the absence of allowed states
prohibits the propagation of light with the corresponding wave-
length, and as the PhBG is a direct consequence of the periodicity
of the material, an interruption of it will create a defect state,
which is an induced mode that can be controlled and used to our
advantage.

The absence of allowed states extends the lifetime of the
excited states when the light is trapped in the material, and
because the emission rate is directly related to the modification of

the environment, the emission of a dye embedded in a periodic
nanostructure can be manipulated. The nonexponential decay
times observed in the emission from dyes embedded in a PhC
have been theoretically and experimentally linked to the orienta-
tion of the density of states and depend strongly on the location
of the dye, either in the low or in the high refractive index
material. Because of the variation of the density of states along
the PhBG, the effect differs greatly at the peak and at the edges of
the stop band.

The suppression of the emission by modification of the
density of states finds an application in resonance energy
transfer, where the efficiency of the optical confinement
produced by the photonic crystal has been demonstrated.
The lack of available modes increases the transfer of energy
from the donor to the acceptor, which can be proven by
comparing the decay profiles of the radiative signal in the pre-
sence or absence of the PhC and in the presence or absence
of the energy-transfer processes.

Finally, the enhancement of SH intensity on a colloidal PhC
was demonstrated in several experiments and confirmed by
theoretical simulations. Nevertheless, the relevance of the differ-
ent phenomena occurring in the PhC in terms of nonlinear
optical response is not completely resolved. Both the phase
matching, essential in nonlinear processes, and the group veloc-
ity, which would explain increases of the second harmonic signal,
might have an influence on the results. Although there are still
many open questions, it is clear that NLO effects can benefit from
PhCs for intensity enhancement, as well as for guiding the
second-order light wave.
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