THREE-DIMENSIONAL PHOTONIC
CRYSTALS MADE FROM COLLOIDS

Arnout Imhof

1. INTRODUCTION

One of the most fascinating properties of monodisperse colloids is that they can form
ordered phases. These phases can be thermodynamically stable if the volume fraction of
particles is high enough, or they can form under the influence of an external field such as
gravity or an electric field. The particles are small enough to exhibit Brownian motion,
which causes them to move around randomly until the collective has found a state of
minimal free energy. In a colloidal crystal the (almost always spherical) particles stack
regularly to form a long-range, three-dimensional array. Particles shaped like rods or
plates form additional liquid crystalline phases with nematic or smectic order. The
spontaneous formation of such phases is nowadays often called self-assembly or self-
organization. Colloidal crystallization has been studied intensively ever since the time
that methods became available to synthesize sufficiently monodisperse colloids, i.e. those
with particles having sizes that are uniform to better than about 8%."* Apart from being
interesting for their statistical mechanical behaviour colloidal crystals have special and
useful optical properties.

The best-known colloidal crystal with special optical properties is almost certainly
the opal. It consists of a three-dimensional array of submicrometer silica spheres, which
must have formed naturally in a sediment and then cemented together.*® Visible light
diffracts from the lattice planes, just like Bragg diffraction of X-rays from molecular
crystals. The result is a beautiful iridescence, earning opals the qualification gemstones.
Opals can also be made artificially by sedimenting monodisperse silica spheres in the
laboratory, after which they are dried and sintered together.

Diffraction by colloidal crystals has also been recognized as a useful optical
property. Thus, Asher and co-workers have put these crystals to use as narrow-band
filters, that efficiently reject Rayleigh scattered incident light in Raman spectroscopy,’ as
nanosecond optical switches,® and as chemical sensors.’

In an independent development certain periodic dielectric structures have been
proposed as materials which would not permit the propagation of electromagnetic waves
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in a range of frequencies called the photonic band gap.'®'" In this respect they are to light
what semiconductors are to electrons. Such materials are called photonic crystals.
Photonic crystals would inhibit spontaneous emission by excited atoms or molecules
embedded inside and would localize light to a small volume around impurities. The first
photonic crystal was made by Yablonovitch by drilling three sets of cylindrical holes in a
block of dielectric in a periodic arrangement.'> The periodicity was on the order of a
millimeter so that the photonic band gap appeared at microwave frequencies.

Photonic crystals offer unique ways to control the propagation of electromagnetic
waves."” Crystals possessing a band gap will behave like semiconductors for light,
offering the possibility that light may be manipulated in ways similar to the way electrons
are controlled by semiconductors. If light is forbidden to propagate through the crystal it
would remain trapped at defect sites. Such a defect can be shaped in the form of a tiny
cavity or as a sharply-curved waveguide, allowing one to manipulate light in ways that
have not been possible before. Thus, photonic crystals have been proposed for a large
number of applications such as efficient microwave antennas, zero-threshold lasers, low-
loss resonators, optical switches, and miniature optoelectronic components such as
microlasers and waveguides. The most useful applications would occur at near-infrared
or visible wavelengths. This makes it necessary to fabricate photonic crystals with feature
sizes of less than a micrometer. Furthermore, the refractive index contrast of the crystal
must exceed 2 or 3, depending on the lattice, placing restrictions on the materials used.

A number of different methods is used for the fabrication of photonic crystals. Many
of these apply a variety of lithographic techniques used in the semiconductor industry for
patterning substrates such as silicon. Two-dimensional photonic crystals have been made
this way, which operate at wavelengths down to the visible.”” Good control over the
introduction of defects has also been demonstrated. A number of attempts has been made
to create three-dimensional photonic crystals using these techniques.'*'® However, it has
so far proved too difficult to achieve submicron periodicities of much more than one unit
cell thickness.

On the other hand, colloidal particles naturally possess the desired sizes and can form
periodic structures spontaneously. Moreover, the optical properties of the individual
spheres can easily be tuned, or they can be used as templates to make inverted structures.
Colloids have therefore been proposed as an easy and inexpensive way to fabricate three-
dimensional photonic crystals, and as a suitable system in which to investigate their
optical properties.'”'® Until this realization colloidal crystals had been prepared with only
a modest refractive index contrast, in order for them to remain relatively transparent and
not opaque due to multiple scattering. They can thus be said to reject light propagating in
certain directions, which satisfy the Bragg condition:

2dsin@ = mA . (1)

Here, A is the wavelength of the light in the crystal, d the lattice spacing, € the angle
between the incident ray and the lattice planes, and the integer m is the order of the
diffraction. If the dielectric contrast between the spheres and the suspending medium is
made larger the range of angles for which waves of a given frequency diffract increases
due to multiple scattering. At sufficiently high contrast and for certain crystal types
propagation should become impossible in all directions and for both polarizations.
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In this chapter, I will describe the fabrication and optical properties of photonic
crystals. I will concentrate on the work using colloidal suspensions; however, not without
making comparisons with other methods where necessary. Fabrication of photonic
crystals is guided by numerical calculation of their optical properties. Therefore, I will
start in section 2 with a description of the most important optical properties of photonic
crystals, as well as the theories used to describe them and experimental techniques used
to probe them. In section 3 methods for the fabrication of photonic crystals are discussed
with an emphasis on methods using colloidal self-assembly. Section 4 describes recent
work using composite colloids such as core-shell or metallo-dielectric particles.

2. OPTICAL PROPERTIES OF PHOTONIC CRYSTALS

Propagation of electromagnetic waves in periodic media displays many interesting
and useful effects. It was already described in the theory of X-ray diffraction by solids in
the early 20" century by Ewald and von Laue, see e.g. refs. 19,20. Materials with a
layered structure (‘stratified media’) are used as high reflectance dielectric mirrors,”' but
also as diffraction gratings, distributed feedback lasers, and acousto-optic filters.
Materials with a periodicity in only one dimension are not usually called photonic
crystals, nor is this the case for materials in which the variation in refractive index is very
small, such as in X-ray diffraction where it is at most ~10~*.

2.1. Propagation of Light in Photonic Crystals

Electromagnetic waves propagating in a photonic crystal experience a periodic
variation of the refractive index. At every interface part of the incident wave is reflected
(or scattered) and the rest is transmitted. Interference between reflected and transmitted
waves determines the wave form in the crystal. This wave form has a periodicity
corresponding to that of the crystal lattice and can be determined from the Maxwell
equations. For a given angular frequency @ the solutions of the fields have a periodic
wave form and are called Bloch modes:

exp(ik-r)ug(r). (2)

Here, u(r) is a function with the same periodicity as the crystal. It is labeled with the
Bloch wave vector k, describing the period and direction of propagation of the wave. The
frequencies of the allowed modes @(k) form the so-called dispersion relation. There will
in general be frequencies for which solutions exist only in some directions but not in
others. These waves cannot propagate in the excluded directions. Physically, this means
that destructive interference cancels the wave in those directions. Instead, the wave is
reflected. This is analogous to Bragg diffraction as described by Eq. (1). There may even
be one or more ranges of frequencies for which there exists no wave form for k’s in any
direction. Such waves are forbidden to propagate in the crystal. Their frequencies are said
to be in the photonic band gap.

In Figure 1 the frequencies of the allowed modes are plotted versus wave vectors in
the Brillouin zone of a face-centered cubic lattice of spheres consisting of air in a
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Figure 1. (a) Band structure of an ‘inverse’ fcc lattice of spheres of refractive index 1 in a background with
index 3 calculated with the KKR method.”” The horizontal gray band outlines the complete band gap. The
letters indicate wave vectors corresponding to the special points of the fcc Brillouin zone shown in (b).

background material of refractive index 3. The allowed modes form the photonic band
structure of this crystal. There is a narrow band gap at a frequency of v =2.8c/74,
where c is the speed of light and A4 the size of the cubic unit cell. The ‘inverted’ crystal
structure is shown here because the ‘direct’ structure, i.e. spheres of high refractive index
in air, does not possess a band gap. If the refractive index contrast (the ratio of the
refractive index of the spheres and their background) is increased the band gap widens.
Below a contrast of 2.85 the gap is closed.*

The band gap in Figure 1 is located between the 8" and 9" bands. This corresponds
to the region where, in weakly scattering crystals, the second order Bragg diffraction is
located. The first order Bragg diffraction occurs at a lower frequency, around
v=17c/nA for the direction corresponding to the L point. At this point the waves
travel perpendicularly to the (111) planes of the crystal. There is a sizeable range of
frequencies for which these waves cannot propagate in the crystal and thus are reflected.
This frequency range is called a stopgap. Since propagation is still possible in other
directions one usually speaks of a partial or incomplete band gap. If the direction is
moved away from the L or X points the bands are seen to split in two. These are the
different polarization states which are then no longer degenerate.

There is a close analogy with electron waves traveling in the periodic potential of
atomic crystals. There, too, the allowed modes are arranged into energy bands separated
by energy gaps. That is why much of the terminology in the photonic crystal literature is
borrowed from solid state physics. There are also important differences, however, most
importantly the fact that electrons are described by scalar wave fields, whereas
electromagnetic waves are vectorial in nature, describing the two polarizations, which are
not independent.
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Figure 2. Photonic density of states of the inverse fcc crystal of Figure 1.

Due to the photonic band structure the number of allowed modes varies with
frequency. This is described by the density of states (DOS), which is the number of
photon modes per unit of frequency. This function is shown in Figure 2 for the fcc crystal
of Figure 1. The DOS vanishes for frequencies in the photonic band gap. Around
v=1.8c/mA the DOS is strongly depleted, but nonvanishing. This region is usually
referred to as a pseudogap. The density of states is important for the emission of an
excited atom or molecule, because the decay rate of the latter is proportional to the local
density of states (LDOS). The LDOS depends strongly on the position within the unit
cell.”?* In a complete photonic band gap the excited atom cannot decay radiatively,
wherever it is sitting. Ideally, it will remain in its excited state until it decays
nonradiatively.

Several techniques exist for calculating photonic band structures numerically. The
most common method at the moment is the plane wave method (PWM).>?” In this
method one of the fields, for example H, as well as the dielectric constant are expanded
in plane waves:

H(r) = Z He" "

G
gfl(r) _ Z g(;leiG-r
G

Here, the G run over all reciprocal lattice vectors. The expansions are then substituted
into the Maxwell equations and a cutoff is made. Increasing the number of plane waves
(i.e. the number of G’s) will yield an increasingly accurate band structure. Thus, it was
shown that there is no complete band gap between the 2™ and 3™ bands for any fcc lattice
of spheres. On the other hand, the diamond lattice, consisting of an fcc lattice with two
spheres per unit cell, does have a complete band gap.”’ It occurs for the direct crystal
structure at a refractive index contrast above 2.0. Some time later, however, it was shown
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that also the fcc structure has a complete gap, but between the 8™ and 9™ bands and only
for the inverted crystal.”® This work also pointed out some convergence problems with
the PWM and provided an extrapolation method to handle these problems. This has led to
improvements in the accuracy of the calculated gap widths. An experimental problem of
interest is to insert lattice defects into the crystal. These may lead to donor or acceptor
states, or allow wave guiding. Numerical calculation of such defect structures is possible
in the plane wave framework using the supercell method.”*

For comparison with experiments a calculation is needed of the transmission or
reflection spectrum of a finite-sized photonic crystal. These are not easily obtained with
the PWM, which only yields the band structure of an infinite crystal. This problem can be
circumvented using the transfer matrix method (TMM).*'** The system is then divided
into small cells and the fields in each cell are related to those in the previous by a transfer
matrix. On the incident side the fields are coupled to a set of plane waves. This method
also uses less computer time and memory than the PWM, and can be applied more easily
to crystals with defects or crystals in which the dielectric constant is frequency dependent
or has an imaginary part.

Another efficient method is the photonic version of the Korringa-Kohn-Rostoker
(KKR) method, which was originally developed to describe multiple scattering of
electrons in crystals. The scattered field of individual scatterers is expanded in spherical
harmonics and the band structure is obtained from a secular equation.”*** This method
converges much more quickly than the PWM and can easily be used with frequency-
dependent or complex dielectric constants. If transmission and reflection spectra of finite
crystals are required then the scattering matrices of individual layers of scatterers are
determined.**>® The method is then referred to as the layer KKR (or LKKR) method.

Finally, especially if the time dependence of the fields inside photonic crystals is of
interest finite difference time domain (FDTD) techniques are often used.’’

Two approximate theories must be also mentioned here, which are often used for
comparison with experimental data because they yield simpler, analytical results. These
are the dynamical diffraction theory (DDT) of X-ray diffraction,'*** which has been quite
successful in describing optical diffraction by colloidal crystals.*®** The other is now
called the scalar wave approximation (SWA), and similarly describes this diffraction
well.*** In essence, these two approximate theories are very similar. The starting points
are the wave equation for the displacement field D in the DDT or the scalar wave
equation for the electric field £ in the SWA. In both cases the field in the crystal is
expanded in plane waves, as in the PWM, but only the two strongest ones are kept
(corresponding to the incident wave and a diffracted wave). Both theories perform
reasonably well for wave vectors close to a reciprocal lattice point (where one diffracted
wave is much stronger than the others) and become exact in the limit of small refractive
index contrast. Experiments suggest that the SWA performs better for larger index
contrast,” but it has the disadvantage that it cannot describe polarization effects unlike
the DDT.**** (For completeness it should be remarked that the name scalar wave
approximation was originally used for the full plane wave method, but starting from the
scalar wave equation.”*® These calculations were quickly superseded by the PWM
starting from Maxwell’s vector wave equation when it became clear that the former
predicted the existence of complete band gaps, where in fact there were none due to the
polarization of the field.)
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Figure 3. Transmission spectrum of a crystal of air spheres in a material with refractive index 3 calculated with
the layer KKR method. The crystal is two unit cells thick and the transmission is measured perpendicular to the
(111) planes, i.e. the direction of the L point.

2.2. Experimental Probes of Photonic Crystals

As mentioned above, an infinitely large, perfect photonic crystal would reflect 100%
of the incident light at wavelengths in the band gap and would transmit 100% (apart from
a few percent ordinary specular reflection) of the light at other wavelengths. At any given
angle of incidence there will be such gaps. In the case of a complete band gap the
reflected wavelength bands would overlap at every incident angle. This is the reason that
one usually searches for photonic band gaps by measuring transmission of reflection
spectra at varying angles of incidence. Ideally, the wavelengths at which the transmission
goes from 0 to 1 or from 1 to 0 should correspond to the band edges. This approach was
taken in the microwave experiments of Yablonovitch demonstrating that certain crystals
made by drilling holes in a dielectric possessed a complete band gap.'? Similar
measurements of the positions and widths of optical stop gaps have become by far the
most popular method in the literature.

In practice, however, a number of experimental complications arise. First of all, real
photonic crystals are never perfect nor infinite. Due to their finiteness the transmission is
rarely close to 0 or 1. In fact, numerical calculations of transmission and reflection
spectra often show a lot of structure. This is seen in Figure 3. The extra structure arises
when the external wave is coupled to the internal wave using the proper boundary
conditions. A considerable part of the wave may be reflected even outside a band gap.
Conversely, the transmission inside a band gap does not always drop entirely to zero
because, especially near the edges of the gap, the wave may decay with a characteristic
length of many unit cells. (Because the wave vector becomes imaginary in the band gap
the wave amplitude decays exponentially with distance.) Especially in thin crystals it may
therefore not be easy to determine the band edges. This problem is made worse by a
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Figure 4. Transmission spectra of colloidal crystals of silica spheres (radius 110 nm) with different numbers of
layers N. The crystals were prepared by controlled drying (section 3.4), courtesy of Krassimir Velikov.

certain degree of disorder or the presence of defects, which cause the dip in the
transmission to broaden and its edges to become less well defined. Another, but related
problem is polycrystallinity of the sample, which often occurs in self-assembled crystals.
This will result in a large broadening of the transmitted and reflected bands, because
changing the wavelength will successively probe different crystallites having different
orientations. In all these cases, simply taking the full width at half maximum is therefore
not necessarily the best way to proceed.

These difficulties should be minimized by making sure one is observing a single
crystal with as few defects as possible. Polycrystallinity is not normally a problem in
crystals made with lithographic techniques, but may be a limitation in self-assembled
crystals. It has been shown that gap widths extracted from reflection spectra are much
more reliable than those obtained from transmission spectra, because reflected light
probes only a small number of lattice planes lying close to the surface* (thus containing
fewer domains with fewer defects). One should therefore reduce the probe beam to a size
smaller than a single crystalline domain. Reducing the beam size even further to much
less than the domain size will further reduce the influence of defects and surface
roughness. This was beautifully demonstrated in reflection and luminescence spectra
measured with the use of an optical microscope.*® Alternatively, polycrystallinity can be
avoided by growing large single crystals, which are not too thick (see section 3.4), so that
transmission spectra also produce accurate gap widths.*”° An example of a transmission
measurement done on such a sample is shown in Figure 4. The transmission minimum
becomes deeper and narrower as the number of layers is increased. The ripples are Fabry-
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Perot fringes caused by interference of light reflected from the top and bottom surfaces of
the crystal. The transmission of the crystals decreases gradually at shorter wavelengths
due to diffuse scattering by defects.

In studying the band structure and determining the presence of a complete band gap
by transmission/reflection measurements one needs to vary the angle of incident light in
order to study all directions in the irreducible part of the Brillouin zone. Due to refraction
at the crystal surface the direction of the wave inside the crystal will differ from that
outside. Although often used, Snell’s law is no longer adequate to convert external angles
into internal ones, because the effective refractive index changes significantly close to a
band gap. Instead, one should use the fact that the component of the wave vector parallel
to the surface, k= (@/ c) sin @, is conserved.”' It should be realized that this component
is different for frequencies corresponding to the lower and upper band edge. In other
words: at nonzero angle of incidence the transmission/reflection spectra probe varying
crystal directions as a function of wavelength. Especially at higher order band gaps this
complicates the interpretation.”’ A related difficulty is that, due to refraction, not all
internal directions can be reached with an external beam. Moreover, some wave vectors
are reflected by the crystal not because they are in a band gap but because they do not
couple to an internal mode for symmetry reasons.’>> It is therefore necessary to prepare
samples with different lattice planes exposed. Furthermore, complementary band
structure calculations, as well as calculations of transmission or reflection spectra are
required to confirm the presence of a band gap. This was recently performed with
inverted silicon crystals, providing strong indications for the presence of a complete band
gap around 1300 nm.>*

A related technique to investigate photonic crystals is the use of Kossel lines,
which can be interpreted in terms of the band structure of colloidal crystals.'””"”® The
crystal is illuminated with a laser beam resulting in dark rings on a diffusely lit
background, both in reflection and transmission. The diffuse background originates from
scattering by defects or, alternatively, from scattering by an external diffuser. In the
directions of the stop gaps the scattered light is attenuated producing dark rings.

Although I have so far focused on transmission and reflection spectra, an alternative
approach makes use of internal sources. These may be fluorescent dyes, luminescent
ions, or quantum dots. The effect of the crystal upon their emission is twofold. First,
emitted radiation is Bragg diffracted leading to a dip in the measured emission spectrum
that depends on the direction of observation, similar to Kossel lines. This effect is present
in every photonic crystal and does not require a high dielectric contrast. Second, the
spontaneous emission rate can be modified if the photonic crystal alters the local
photonic density of states. This effect has been one of the earliest promises of photonic
crystals.'” For an atom with a transition frequency in a complete photonic band gap the
spontaneous emission should be inhibited and a quantum electrodynamic photon state
bound to the atom is formed.”® A reduction of the LDOS should be measurable as an
increase in the radiative lifetime (in a time dependent measurement) or as an overall
reduction of the total amount of emitted light (in a stationary state experiment). This
effect is often regarded as one of the most important goals in photonic crystal research.
Nevertheless, the filtering effect is still very useful as a probe to investigate the band
structure of the crystal.*"%

55,56
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It can be safely said that the distinction between the two effects of a photonic crystal
on emission has not always been very clear in the literature so far. This has been caused
in part by chemical effects of the environment of dye molecules on the radiative lifetime
(for example when they are absorbed to particle surfaces). Secondly, the LDOS may
already be modified strongly by a microcavity effect due to scattering resonances in
microdroplets or colloidal spheres™” or close to surfaces.”*”> Although this is also a
quantum electrodynamic effect it is not due to the photonic crystal. In colloidal crystals
of polystyrene spheres suspended in water containing a dye a change in lifetime by a
factor of 1.8 was found,” but it has been suggested that this could have been caused by
chemical interactions and dye adsorption.”"””"”® A change to nonexponential fluorescence
decay has been observed in dye-doped polymer-filled opals.” In both these examples the
density of states is expected to have changed only a few percent due to the low refractive
index contrast.*® Such a small change was demonstrated experimentally for silica spheres
in which the dye had been incorporated deep inside the spheres to avoid chemical
interactions with the solvent or particle surfaces.*™ A wavelength resolved
demonstration of changes in lifetime as the wavelength is scanned through the band gap
is still lacking. Instead of a change in lifetime one may also search for an overall
reduction in emitted intensity due to a lower density of states and compare it to a suitable
reference sample.**® In three-dimensional titania “air-sphere” crystals, in which
propagation of light is restricted to 45% of all available directions such inhibition of
spontaneous emission was recently seen.*

Other optical probes of photonic band gaps rely on the fact that close to a band gap
the photon dispersion relation @ vs. k deviates from linearity. This means that the
refractive index n=ck/@ associated with a band becomes frequency dependent. This index
change can be determined by measuring the phase change A@®) of a transmitted laser
beam in an interferometer as the frequency is tuned through the gap.*”** Close to the
lower band edge the index decreases by an amount depending on the gap width, while it
increases near the upper band edge. The dispersion relation can be determined from
Kw)=w/c+ A/ L, where L is the sample thickness.

A stronger effect can be seen in the group velocity v, = dw/ dk which vanishes at the
edges of the Brillouin zone, where the bands are horizontal. Short laser pulses should thus
slow down if their frequency is tuned to the band edges, an effect which was measured in
colloidal crystals and artificial opals.**° The effect on the travel time of a pulse is shown
in Figure 5. The largest time delay corresponds to a pulse velocity of about 80% of that
far from the gap. Such a pulse experiences an increased effective path length due to
multiple reflections in the crystal. Because ultrashort laser pulses consist of a finite
frequency bandwidth their different frequency components suffer different delays,
resulting in a “chirped” pulse. Using ultrashort pulse interferometry the relative phase
shift of these frequency components can be measured.*” This is expressed in a quantity
called the group velocity dispersion (GVD) f = d*k / da, also shown in Figure 5. It is
further seen that when such a measurement is done in reflection the GVD is near zero
inside the gap, but very large just outside. Thus, the GVD naturally locates the edges of
the stop gaps without further interpretation being necessary.
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Figure 5. (a) Transmission spectrum of a colloidal crystal of polystyrene spheres in water. (b) Measured pulse
delay times near the L gap versus angular frequency. The right axis shows the pulse velocity relative to the
velocity away from the gap. (c) Measured group velocity dispersion. Solid symbols are transmission, open
symbols reflection measurements. The lines in (b) and (c) are the dynamical diffraction theory.

3. FABRICATION OF PHOTONIC CRYSTALS

Numerical calculations have led to the identification of a number of three-
dimensional crystal structures that should have a complete photonic band gap.
Fabrication of these structures on a submicrometer length scale is still a challenge,
especially because materials with a sufficiently high refractive index and negligible
absorption have to be used. Suitable materials are often semiconductors such as TiO,, Si,
or GaAs. The structures must also have a very high porosity, typically containing ~80%
air. A number of strategies has been developed. I will first briefly discuss nanofabrication
techniques that use lithography and etching, or holography. Then, I will treat methods
that use colloidal self-assembly to fabricate the desired structures, as well as templating
methods to obtain inverse colloidal crystals. Then a number of methods will be described
that use an external field or a surface template for directing self assembly to produce
better ordered or more favorable structures. In the last subsection the effects of disorder
and lattice defects will be discussed.

3.1. Nanofabrication

Compared to their success in the fabrication of two-dimensional photonic crystals
modern semiconductor processing techniques have so far had relatively limited success in
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Figure 6. Scanning electron micrograph of the silicon woodpile structure. The width of the rods is 1.2 pm.
Courtesy of Sandia National Laboratories. Reprinted by permission from Nature,'* copyright (1998) Macmillan
Publishers Ltd.

producing three-dimensional structures. A promising approach is the layer-by-layer
preparation of the so-called woodpile structure (Figure 6), which is known to have a
complete band gap.”"”> Each layer consists of a number of parallel silicon rods with a
square cross section. These are made by depositing a layer of SiO,, etching out
rectangular grooves and filling them with polycrystalline silicon. Then a subsequent layer
is deposited and the process is repeated with the grooves rotated 90°. Finally, the SiO, is
removed completely. While the original structures exhibited a band gap at a wavelength
of about 11 um,' sizes were later reduced to produce a band gap around 1.5 yum."
However, it is a very time-consuming method and has been carried out to only 5 layers,
or 1.25 unit cells. Instead of depositing layers one by one it is also possible to fabricate
this structure from III-V semiconductors by successively stacking and bonding patterned
wafers after careful alignment.'® This way the number of layers can be increased more
quickly and a total of 8 layers has been achieved.

An alternative method is the use of chemically assisted ion beam etching to drill
narrow channels into a GaAs or GaAsP wafer’>* in a manner similar to that used by
Yablonovitch, but on a much smaller length scale. The depth reached was only 1.5 pm, or
4 crystal layers. Using focused-ion-beam etching the same structure with a band gap at 3
um could be made in silicon up to a depth of 5 unit cells.”

Photo-assisted electrochemical etching of pre-patterned silicon has been used to
produce a two-dimensional array of very deep (~100 um) cylindrical holes.” By
modulating the light intensity in time it is possible to induce a periodicity of up to 25
periods in the vertical direction.”” So far, this periodicity is relatively large compared to
that in the horizontal directions, so that the structure does not yet possess a complete
photonic band gap.

A final method mentioned here uses three-dimensionally periodic patterns of light
created by interfering up to four laser beams,”* similar to holographic recording. The
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Figure 7. Scanning electron micrograph of a polystyrene colloidal crystal. Planes with hexagonal and square
symmetry can be seen indicating that the lattice is fcc.

pattern is recorded in a film of photoresist. Unpolymerized resin is then removed by
washing. The method is suitable for quickly producing large-area crystals with any
desired structure, as long as the polymerized regions are interconnected. Absorption of
the light by the photoresin limits the maximum thickness of the crystals to several tens of
pm’s, corresponding to several tens of lattice planes. Since photoresists have a relatively
low refractive index additional steps (such as templating, section 3.3) must be used to
increase the dielectric contrast.

3.2. Self-Assembly Methods

Monodisperse colloidal particles can spontaneously organize into three-
dimensionally periodic crystals with a macroscopic size (Figure 7). Their lattice
periodicity is easily adjusted from the nanometer to the micrometer range by varying the
size of the particles. Colloidal crystals form spontaneously if there is a thermodynamic
driving force, for example a sufficiently high particle concentration, making it favorable
for the particles to order into a lattice, thus using the limited space more efficiently.
When left undisturbed most colloidal particles settle to the bottom of their container
where their concentration becomes high enough for crystallization. This process is
sometimes accelerated by centrifugation or by filtration of the liquid through a porous
membrane. Alternatively, ion exchange resin can be added to the suspensions to increase
the range of repulsion between the particles, which leads to crystallization. Typical
crystal sizes are from tens to thousands of micrometers. The crystal structure formed in
most cases is face centered cubic (fcc), although low volume fraction body centered cubic
(bee) crystals form if the particles interact repulsively over distances much longer than
their sizes.'” Particles which interact nearly as hard spheres show a tendency to form
randomly stacked hexagonal layers. In this structure the stacking order of the hexagonally
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packed (111) planes is not ABCABC... as in fcc, nor ABAB... as in hep, but close to
random. '

Their self-organizing properties make spherical colloids suitable candidates for
fabricating photonic crystals. There are only a few materials from which colloids can be
made with sufficient monodispersity to crystallize, namely silica, ZnS, and a number of
polymers, most notably polystyrene and polymethylmethacrylate. Colloidal crystals of
most of these materials have a relatively modest refractive index contrast, even when
dried. A lot of work has been done on the fabrication and photonic properties of both
suspended and dried colloidal crystals, often called artificial opals, and even natural
opals.' 186102103108 1y this work, the influence of photonic band structures on diffraction
was investigated, mostly using angle-dependent transmission and reflection
measurements. The influence of the dielectric contrast was established by infiltrating the
opals with various liquids or semiconductors (such as CdS or InP), and the sphere filling
fraction was varied by gradual sintering of the spheres. The influence of sintering has
also been investigated theoretically with the PWM?** and the TMM.'” As already
discussed in section 2.2 self-assembled crystals have also been filled with luminescent
materials in order to study their influence on emission.®'

3.3. Colloidal Crystal Templating

Despite this progress the early calculations had already shown that the prevailing fcc
structure possesses a complete photonic band gap only for the inverted crystal structure,
in which the spheres have a lower index than their environment.”® Furthermore, the
refractive index contrast needs to be very large (>2.85). Although the diamond structure
has a complete band gap for the direct crystal structure’’ it is never formed in colloidal
self-assembly. More detailed calculations of the photonic properties of crystals formed by
self-assembling systems determined that the optimal air filling fraction was around
80%,>*""*!"" but did not identify structures that are easier to fabricate. These facts quickly
led to the development of chemical means by which the interstitial pores of a colloidal
crystal can be filled with a high index solid, after which the colloidal particles can be
removed.'"*'"* These approaches are known collectively as templating methods. In that
way, the air filling fraction of such an “inverse opal” is automatically close to the
maximum sphere packing fraction of 74% and a larger variety of materials can be used. A
general schematic of colloidal crystal templating is shown in Figure 8. First, a colloidal
crystal is assembled from a monodisperse colloid. Then the fluid in the interstitial pores
is either gelled directly through a sol-gel process or by a polymerization reaction, or it is
removed first by drying and then replaced by infiltration of the pores with a solid or a
solidifying liquid. In the third step the colloidal template is removed from its solidified
environment by dissolution, evaporation, or firing at temperatures of up to 400 °C. This
final step often also involves calcination of the material at elevated temperatures in order
for the resulting porous framework to densify and crystallize. The uncalcined material is
often amorphous and contains micro- and mesopores that lower its refractive index.
Calcination frequently results in shrinkage of the porous material by up to 20%.
Examples of some resulting materials are shown in Figure 9.



COLLOIDAL PHOTONIC CRYSTALS 437

OO crysta
OO @ % assIZnIbiy

9 eee
079% 000
colloidal )
suspension pore filling

gelation or template
consolidation removal
calcination

Figure 8. Schematic of colloidal crystal templating.

They form a faithful replica of the original colloidal crystal, including lattice defects
such as vacancies. The spherical voids left behind by the spheres are usually connected
by windows where the spheres touched, allowing material to be transported during
template removal.

The initial templating methods used emulsion droplets or polystyrene
spheres'' *!"®!"% a5 the colloidal template, and sol-gel chemistry to fill the interstitial
space. Using emulsion droplets ordered porous materials of titania (TiO,), zirconia
(Zr0,), silica, and polyacrylamide were made.''>'"> The emulsion oil droplets are not
easy to make monodisperse, but they are easy to remove by dissolution or evaporation. A
calcination step then converted the titania gel into the desirable high refractive index
titania phases anatase (n=2.5, above 400°C) or rutile (n=2.8, above 900°C).'* In
independent work polystyrene latex spheres and a sol-gel reaction were used to produce
inverted crystals of amorphous silica.'*'"” Because polystyrene spheres are easy to
obtain with high monodispersity and because they self-assemble with great ease they
have been used in many subsequent templating studies.''®!'"1*11** These particles are
removed either by calcination or by dissolution in, for example, toluene. Monodisperse
polymethylmethacrylate spheres may be used similarly.'* Silica spheres can be made
equally monodisperse as polymer colloids, but must be removed by etching with a
hydrogen fluoride (HF) solution.”*'**"** All these approaches have resulted in materials
containing large domains of well-ordered spherical pores.

The type of material that is desired often limits the methods available for pore filling.
For photonic crystals the desired material is obviously one with a high refractive index
and a low absorption. For this purpose titania and silicon have so far been the most
successful; broad stop gaps have been measured in inverted opals made of these
materials.*”>*'*3% Byt inverted opals have also been made for many other applications,
such as catalyst supports, filtration and separation materials, and thermal insulators. This
explains the large variety of different materials that have been used in colloidal crystal
templating. This work will now be reviewed briefly. In all cases, it is important that the

112



438 A. IMHOF

Figure 9. (Top) Titania inverse crystal prepared by emulsion templating. (Botfom) Titania inverse crystal made
by templating polystyrene spheres, with (111) and (110) faces (inset) exposed, courtesy of Willem Vos.

interstitial space of the crystal be sufficiently filled and contiguous, or else the structure
will collapse during template removal.

Many metal oxides (titania, silica, zirconia, alumina, yttria, etc.) are produced by
hydrolysis of the corresponding liquid metal alkoxide, which is infused into the pores by
capillary action, sometimes aided by suction.''®'"®'**'>* The alkoxides may be diluted in
alcohol to lower their viscosity. After hydrolysis, the process is repeated several more
times to increase the degree of filling. In some cases small openings in the center of the
interstitial sites are left open when the channels connecting them have become blocked.'"®
Calcination of materials prepared in this way sometimes leads to excessive grain growth
so that the periodic pore structure may be lost. For this reason, rutile titania could not be
prepared this way, unlike the case with emulsion templating.''* An alternative approach
is to use ultrafine powders of silica or nanocrystalline rutile, which are added to a
monodisperse polystyrene latex. The mixed suspension is then dried slowly to produce an
ordered macroporous material in one step."’'** Similar approaches using 4 nm CdSe
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Figure 10. Porous silicon by templating of silica spheres using CVD. Top picture shows a sample edge with a
(100) surface. Bottom picture is a (111) surface exposed by reactive ion etching. Courtesy of David Norris,
reprinted by permission from Nature,* copyright (2001) Macmillan Publishers Ltd.

quantum dots'** and gold nanocrystals'*>'*® have also been used. Due to the small size of

the particles efficient pore filling is achieved.

Polymeric inverted opals have been made of polyacrylamide, polystyrene,
polymethylmethacrylate, and polyurethane by infiltrating colloidal crystals with a liquid
monomer followed by heating or exposure to UV light to initiate the
polymerization.83’1 13,126,129,137-139

Precipitation reactions of salts followed by chemical conversion have been applied to
expand the variety of accessible materials to a large number of carbonates and oxides of
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metals which cannot by prepared by sol-gel chemistry.'* Subsequent reduction with
hydrogen gas has produced ordered macroporous Ni.'*! Similarly, reduction of sol-gel
derived germanium oxide has been used to make macroporous germanium, which is
transparent in the infrared (£>1900nm) where the refractive index is as high as 4.

Electrochemical deposition can also be used to template colloidal crystals that have
been deposited on an electrode. This way ordered macroporous CdS, CdSe'**'* and
Au'*' have been prepared. A variety of porous metals has been made by electroless
deposition in silica crystals functionalized with gold nanocrystals."*® Alternatively, opals
can be infiltrated with molten metals at increased pressure.'*’

A final templating method is chemical vapor deposition (CVD), with which the
degree of filling can be accurately controlled. Thus, CVD was used to fill silica crystals
with graphite and diamond,'?” silicon, which has a refractive index of 3.5 and is
transparent a wavelengths above 1100 nm,"" and germanium.'*® A difficulty was the
obstruction with material of the outermost channels which provide access to the
innermost channels. Using low-pressure CVD, which prevented channel obstruction, and
highly ordered silica crystals, inverted crystals of silicon were made.” The resulting
material is shown in Figure 10. By measuring two different crystal orientations and
comparing reflection and transmission spectra with numerical calculations the authors
were able to show that their crystals probably possess a complete photonic band gap
around 1300 nm.

3.4. Directed Self-Assembly: More Order and Different Lattices

Although colloidal self-assembly has distinct advantages in the fabrication of three-
dimensional photonic crystals it also has a number of drawbacks. Without gentle
persuasion the material formed is polycrystalline, contains lattice defects and stacking
errors, and can only form a limited number of crystal structures, which have a random
orientation. A number of strategies have been developed to overcome these limitations.
Methods in which an external influence is used to direct particles to preferred lattice
positions will be called directed self-assembly techniques.

A relatively simple technique that already produces well-ordered crystals is called
convective self-assembly or controlled drying. It was originally developed for the
fabrication of two-dimensional crystals from colloidal spheres,'*”** but has been
extended to allow the formation of three-dimensional crystal films of up to 50 layers in
one step."”' The process is shown schematically in Figure 11. A clean and flat substrate
such as microscope slide is placed vertically in a colloidal suspension. As the solvent
evaporates from the meniscus more particles are transported to the growing film by fluid
flow. Capillary forces in the drying film pull the spheres into a regular close packing. The
number of layers can be controlled accurately by the particle volume fraction. The
resulting crystal has a uniform orientation over centimeter distances, making it essentially
single-domain. Although vacancies exist their number is relatively small. Cracks often
form during drying but the crystal orientation is preserved across cracks. Sedimentation
of particles larger than about 0.5 um prevents their deposition in this way. However, this
problem can be overcome by applying a temperature gradient which causes a convective
flow counteracting sedimentation.”* Controlled drying has produced some of the best
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Figure 11. Schematic of controlled drying. See text for explanation.

ordered colloidal crystals, which are suitable for investigating the optical properties of
photonic crystals (see Figure 4), both the direct and inverted structures.**>*>*!131:152

Another approach to assembly of well-ordered, large-area crystals of close-packed
spheres is to filter colloidal spheres into a thin slit between two parallel plates.”*">* The
crystal thickness can be controlled from a monolayer to several hundreds of layers
through the plate separation. Fabrication of the filter cells uses photolithography and
cleanroom facilities, but an easier method has been developed using replica molding
against an elastomeric mold."*®

Long-range fcc order has also been induced by applying shear flow to a concentrated
colloidal suspension enclosed between parallel plates."’

Although electrophoretic deposition is widely used for the deposition of particulate
films of many different materials it can also be used to prepare ordered three-dimensional
sphere packings."”*'®' The quality of the crystals formed appears to be comparable to that
obtained by sedimentation, but is somewhat lower than that in crystals formed by
controlled drying. It is much faster, however.

The methods to direct colloidal self-assembly mentioned thus far produce (nearly)
close packed crystals of the fcc type. Their (111) planes are always arranged parallel to
the substrate. Other directed self-assembly methods try to overcome these limitations.

In colloidal epitaxy the colloidal particles sediment onto a substrate that has been
patterned lithographically with a regular pattern of pits roughly half a particle deep.'*'®*
The first particles fall into the pits, providing a template for other particles. When the first
layer was forced to be a (100) or (110) lattice plane of fcc this orientation of the growing
crystal was preserved over thousands of layers with relatively few defects. Crystals
prepared in this way have recently been templated with selenium.'®* By providing a
surface template with a pattern that is unique to the hcp structure a hexagonal close
packed crystal grew for tens of layers.' Defect lines in the template are reproduced in
the successive layers, opening the possibility to construct waveguide structures.'®
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Figure 12. Binary crystal structures AB, AB,, and AB; fabricated using controlled drying, courtesy of
Krassimir Velikov.

Another possibility of this method is to make surface templates with a lattice mismatch,
which could produce non-close-packed crystals. In an extension of this work (100)-
oriented fcc crystals have also been made by patterning the surface with much larger
pyramidal pits."*

Colloidal crystals can also form binary crystals if the size ratio between the two types
of spheres is carefully adjusted. The binary structures AB, AB,, AB,4, and AB3 have been
observed.'”'®® Binary crystal structures also occur in natural opals.® At present, no band
structure calculations of such lattices have been reported. Binary crystal AB, AB,, and
AB; can be made layer-by-layer by controlled drying.'® This is shown in Figure 12. If
the two types of particle are made of different material then new crystal structures can be
made by selectively removing one of the two types. This was demonstrated for a crystal
of silica and polystyrene spheres from which the latter were removed by calcination,'®
leading to a stack of hexagonal planes in an AAA... sequence.

Different crystal structures can also be made by making the interaction potential
between the colloidal spheres anisotropic. For example, dipolar interactions can be
induced by applying a high-frequency electric field. This results in self-assembly of a
body-centered tetragonal crystal structure.'””

Using optical tweezers or other more advanced techniques of single-particle
manipulation it should be possible to build many more crystal structures. Although these
techniques are better called ‘direct assembly’ rather than directed self-assembly we
mention them because they may lead to the fabrication of any desired crystal structure.
The most interesting structure is the diamond lattice because it has a complete band gap
at an index contrast larger than 2.0. Since the gap appears in the first order Bragg region
it would also be less vulnerable to lattice disorder. A recent paper proposed building a
diamond lattice from two types of spheres, one of which should eventually be
removed,'”! using a technique called robot-aided micromanipulation.'”

3.5. The Effects of Disorder

A certain amount of disorder will be present in all real photonic crystals. Although
especially relevant for materials formed by self-assembly disorder also occurs in those
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made by nanofabrication. Nevertheless, the effects of disorder on light propagation in
photonic crystals has received only modest attention, although John already discussed
disorder in periodic lattices in terms of Anderson localization.'' Effects on transmission
and reflection spectra were already briefly mentioned in section 2.2. The length scale that
characterizes the degree of disorder as seen by the light used to probe the material is the
transport mean free path /. This quantity is the distance over which light propagates
before its direction is randomized by random scattering. If the sample thickness L is
greater than / the transmission gaps will be broadened by disorder. Broadening was seen
in colloidal crystals in which a small number of spheres with different size was
deliberately added, as well as impurity modes in the stop gap.**'” In reflection
measurements only a small depth is probed, determined by the attenuation length of the
light, but this depth depends strongly on the wavelength close to the gap. The transport
mean free path can be obtained by measuring the total transmission (sum over all angles)
as a function of L, or from enhanced backscattering. There exist only a few reports in
which photonic crystals have been characterized this way.'”*'"" In all cases the crystals
had been made by self-assembly without the use of any of the directed self-assembly
methods of section 3.4. The value of / found was in the range of 10-20 pm.

On the theoretical side it has been shown that disorder narrows the width of the band
gap in fcc inverse opals, making it disappear already at a modest amount of
disorder.'”®'” Disorder was modeled as a variation in sphere sizes and positions. The
relatively large effect was attributed to the fact that the gap occurs between high-
frequency bands: Photonic crystals with their gap in the first-order Bragg region, as made
by lithographic methods,"**'®" or for a diamond lattice of spheres,'® have been found to
be much more robust to disorder. For self-assembled crystals one should therefore aim
for an extra wide band gap to leave sufficient margin. The effect of stacking faults, which
occur in some self-assembled systems forming randomly-stacked hexagonal lattices, has
also been considered. It was found that gaps will in general appear wider in these
systems'®® and that higher order gaps should become very difficult to observe.'"

4. ENGINEERING OF COLLOIDAL PARTICLES: CORE-SHELL, METALLO-
DIELECTRIC, AND ANISOTROPIC COLLOIDS

A great advantage of colloidal self-assembly over other methods of fabricating
photonic crystals is that the single particle properties can be engineered. The possibilities
of such approaches have only just begun to be explored. The most common way is to use
composite particles with a core-shell structure, where core and shell consist of different
materials. Other approaches use anisotropic particles.

Core-shell colloids are prepared chemically by the successive deposition of layers of
different materials around a starting particle (called the ‘seed’). A very wide variety of
core-shell colloids has been prepared for many different applications.'™ A special type of
core-shell particle is the hollow shell particle, made by removing the core by dissolution
or calcination. An important advantage of the core-shell approach is that one could make
the core consist of a quantum-size nanocrystal, or a shell to contain a fluorescent dye.'®
In this way, the active material could be accurately positioned inside the unit cell, where
the local density of states may have a lower or higher value than the total density of
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Figure 13. (a) Crystal of hollow titania (anatase) spheres. (b) Metallo-dielectric particles consisting of a silica
core coated with 32 nm of gold and 10 nm of silica, courtesy of Christina Graf.

states. Another advantage is that defects could be introduced more effectively into a
crystal by, for example, substituting some core-shell particles with normal particles of the
same size, or vice versa.

Only recently have core-shell colloids been developed for the purpose of making
photonic crystals. Crystals made of these colloids are often aimed at producing a wider,
and if possible complete, band gap. Thus, fcc crystals of ZnS spheres coated with silica
were shown to have a wider L-stopgap than spheres made of pure ZnS or pure silica.™
The maximum width was reached when the ratio of the core radius to the total radius was
about 0.65. Polystyrene spheres coated with a layer of polymer containing CdTe
nanocrystals have also been self-assembled into crystals.'™ An apparent widening of the
bandgap was, at least in part, due to absorption by the nanocrystals. Hollow shell
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Figure 14. A colloidal crystal of ellipsoidal particles made ion irradiation of silica spheres, courtesy of
Krassimir Velikov.

particles offer a much higher refractive index contrast and titania has been the favorite
shell material."®”"® An example is shown in Figure 13a. The resulting material is similar
to that obtained by colloidal crystal templating, but the spherical voids are now not
connected. The core-shell ratio can be varied at will, which is not the case in the
templating method.

A complete band gap is not expected for the materials just mentioned, because the
refractive index contrast is still too low."”® This may no longer be the case, however, if
metallic or metallo-dielectric particles are used. Theoretical calculations show that fcc
crystals of metal spheres, or metal spheres with a dielectric coating, have wide photonic
band gaps, originating from the large, negative value of the real part of the dielectric
constant.'”""'** However, absorption, due to the imaginary part of the dielectric constant
of the metal, could destroy the band gap. Calculations of the transmission, reflection, and
absorption spectra of such crystals show that for the noble metals the absorption will be
small enough to make such photonic crystals useful at frequencies in the visible and near
infrared, with silver performing the best.'”*

A practical consideration is that metal colloids in the required size range can, at
present, not be made sufficiently monodisperse. Luckily, the penetration depth of
electromagnetic fields into a metal, or skin depth, is on the order of 10 nm at visible
wavelengths. One therefore only needs particles with a metal coating that is several tens
of nanometers thick. Gold-coated silica spheres have recently been synthesized by
depositing gold nanoparticles onto silica spheres.'*>'*® A similar approach has been taken
for coating silver onto silica'” or latex'® spheres. The optical properties of the individual
metal shells have been studied,'”?"' showing that they should be useful in optical filters
and Raman enhancers. Photonic properties of the crystal have not yet been studied,
however. Crystals of gold shell particles were made only recently by coating the metal
shells with an extra layer of silica.'”® A dried crystal of these particles is shown in Figure
13b. A further advantage of such silica-gold-silica colloids is that the metal can be
accurately positioned at a desired radial position.
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As mentioned before, the fcc lattice of dielectric spheres does not have a complete
photonic band gap. This can be attributed to a symmetry-induced degeneracy at the W-
point of the Brillouin zone. This degeneracy could be lifted by using particles that are
anisotropic in shape®” or in their dielectric properties.””® This way a complete band gap
can open up between the 2™ and 3™ bands if the anisotropy has the proper size and
orientation. There have not been many attempts to construct a colloidal crystal of
anisotropic particles experimentally. This is, of course, because there are only a few
methods to synthesize these particles with a sufficiently uniform size and shape.*** Such
particles then have to be assembled into three-dimensional colloidal crystals with control
over the orientation. This has not yet been achieved, although a few strategies have been
suggested by means of external fields and surface templates.”” An alternative approach is
to deform the spheres only after crystal assembly. This has been demonstrated for silica
and ZnS spheres by irradiation with high-energy Xe*" ions, which deforms the spheres
into ellipsoids™**"” (see Figure 14). The orientation of the ellipsoids can be conveniently
controlled through the direction of the bombarding ions. A complication is that not only
the spheres are deformed but the fcc lattice as well.

5. CONCLUSIONS

In this chapter the fabrication and optical properties of three-dimensional photonic
crystals made from colloids has been described. Recent progress has led to the
preparation of photonic crystals with a high degree of order and a low defect density.
Combination with templating methods has made it possible to achieve the high refractive
index contrasts needed for useful photonic applications. The use of core-shell type
composite particles or anisotropic particles to tune and improve photonic properties holds
great promise for future research. In order to build actual photonic devices with colloidal
crystals it will be necessary to insert lattice defects with a high degree of control. This is a
much more challenging task in crystals formed by self-assembly than in those made by
lithographic techniques. One way of reaching this goal was recently demonstrated by
writing waveguide structures into a self-assembled crystal using multi-photon
polymerization in a confocal microscope.””® External control is another important
requirement. Indeed, switching of photonic crystals with electric fields has been achieved
by filling colloidal crystals with liquid crystals.”” These examples show that self-
assembly of colloidal particles is a powerful way of fabricating three-dimensional
photonic crystals.
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