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6.1. INTRODUCTION

Nanometre-scale periodic porous structures exhibit many unique optical, electrical and
mechanical properties that can be exploited in a wide range of applications from photon-
ics and electronics to biological and medical sensing. The synthesis of sub-micrometre
building particles and their assemblies, such as silica or polystyrene spheres [1–8],
nanotubes [9–15], nanowires [16–22] and nanocrystals [23–26], are of significant im-
portance for the development of advanced nanotechnology. It is worthwhile to notice that
there still remains a great challenge in synthesizing nanoporous materials with highly
and precisely controlled pore sizes in ordered three-dimensional structures in large vol-
umes [27–31]. A promising technique for fabricating 3D nanoporous structures is based
on the self-assembling growth of monodisperse spherical colloidal particles of silica
or polystyrene, further on called nanospheres. From such three-dimensional periodical
packages, so-called colloidal crystals or opals, useful nanostructured materials can be
created by replicating these crystals in a durable matrix that preserves their key feature
of a long-range periodic structure. The fidelity of this procedure is mainly determined by
the crystal growth mechanisms of opals and the monodisperity of nanospheres. There-
fore in Section 6.2 methods for obtaining and modifying monodisperse silica spheres
are reviewed [32–35], which mainly rely on the process invented by Stoeber [6]. Latex
spheres are usually obtained by emulsion polymerization, which was described in de-
tail elsewhere [36–42]. In Section 6.3 important mechanisms for growing opals from
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nanospheres are discussed. Since the dense packing (fcc, hcp) of monodisperse spheres
creates regular voids, these crystals already belong to the family of nanoporous materi-
als. By using colloidal crystals as templates inverted structures can be created by filling
the voids with other materials and afterwards releasing the nanospheres. The porous
materials obtained by this approach have also been referred to as “inverted opals” or
“inverse opals” because they have an open, periodic 3D framework complementary to
that of an opal structure. Their fabrication, properties and applications are discussed in
Section 6.4. Finally, in Section 6.5 a by far not complete review of actual and promising
applications is given.

6.2. SYNTHESIS OF COLLOIDAL SILICA NANOSPHERES

Many compounds of the 6th group of the periodic table of the elements such as
oxides, sulphides, etc. are insoluble in aqueous solutions. This behaviour can be used
to generate small particles by chemical reactions. The properties of a number of metal
oxide particles have been described in [1–3,43]. Depending on their crystallinity, spheres,
cubes or needles of several nanometres diameter are observed. Because of quantum size
effects the small particles build up have different properties compared to bulk material.
If they are small enough they stay in solution forming sols. Prominent metal colloids
are build, e.g., from gold, which displays red colour. Spheres of diameters up to several
hundred nanometres are grown from silicon dioxide. The synthesis and properties of
these amorphous silica spheres are the topic of large number of review articles [4,5].
Especially the observation made by Stoeber et al. [6] that silica spheres can be grown
almost perfectly as monodisperse colloidal spheres has fascinated meanwhile generations
of researchers. The synthesis and modification of these nanometre-sized silica spheres
will be discussed in the following.

6.2.1. Synthesis

Generally the formation of silica is a two-step process starting from a source of
silicic acid and followed by a condensation resulting in an amorphous gel particle. This
condensation process leads to individual particles or a gel spanning the whole container.
Most of the syntheses start from an organic ester of the silicic acid, e.g., tetraethoxisilane,
(C2H5O)4Si, usually abbreviated to TEOS. The first step is the hydrolysis, which is
followed by the condensation over the silanol groups:

(6.1)
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(6.2)

Because TEOS has four ethoxy groups three- and fourfold reactions lead to 3D
networks. Both reactions are moderated by a catalyst, usually ammonia, NH3, as in
the original Stoeber approach [6] or acetic acid as used in [7] or hydrochloric acid
as described in [44]. Further sources suitable as silicic acid are feasible, e.g., aqueous
solutions of water glass, or other esters of silicic acid, e.g., tetramethoxisilane, (CH3O)4,
TMOS (because of its highly poisonous nature the use of TMOS is not encouraged). The
overall reaction can be dissected into two parts. The first is the initiation step where the
primary particles are formed which is followed by the growth of the particles as long as
silicic acid is available.

The formation of monodisperse, uniform and smooth spheres in the Stoeber pro-
cess has attracted much interest. The reactions take place in a mixture of water and a
lower alcohol such as ethanol with a varying amount of ammonia. Depending on the
concentration of the components of the reaction and the reaction temperature spheres
with diameters between 50 and 2000 nm have been synthesized. It was observed that the
smallest particles grow best in methanol, while the largest in butanol. An increase of the
concentration of ammonia caused larger diameters of the spheres, while the amount of
water was of minor influence [6].

Basically there are two theories explaining the particle growth. One involves the ac-
cumulation of monomeric or small condensates of silicic acid to form primary particles. It
is assumed that during growth no further primary particles are formed and that the growth
of the particles occurs by aggregation of monomers [45–48]. The particle growth is re-
action limited and depends on the reaction rate of the hydrolysis of the silicic acid ester.

According to an alternative theory, there is a continuous generation of primary
particles which merge with larger particles causing their further growth [49,50]. A study
of the particle growth by cryogenic transmission electron microscopy clearly shows
that small, low-density particles coalesce forming primary particles. However, in the
following, no evidence of smaller, dense particles besides the large growing spheres
was observed [51]. Possible formation of irregular-shaped particles was claimed to be
the result of an aggregation of larger particles [48]. The simultaneous growth of silica
particles of different sizes is possible if the concentration of the alkoxide is kept low.
If no new particles are generated, all particles grow with the same rate pointing to
a surface-limited reaction. If the concentration of TEOS is high enough allowing the
generation of new particles, the smaller particles will grow faster than the larger ones, thus
indicating that their growth is diffusion limited [52]. A mathematical model describing
the generation of monodisperse spheres explains the monodisperity as a function of
the interfacial energy of the solution–particulate system without the need of a separate
nucleation phase [53].
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A precise control of the number of primary particles during the nucleation phase
is difficult. Therefore the size of particles synthesized under identical conditions varies
by about 20% in each batch, although they are still monodisperse. The most successful
procedure of obtaining a certain size of spheres is to start from a solution of spheres
smaller than intended and use them as a seed. The gradual addition of TEOS using
Stoeber conditions lets the spheres grow to the desired size [48,55].

Besides the usual procedure synthesizing silica particles by hydrolysis or conden-
sation in alcohol water mixtures, silica spheres may also be grown in micelles. The
reaction medium consists of water and, e.g., an ionic surfactant such as benzethonium
chloride [56], a non-ionic one such as nonyl phenol ethylene oxide [46,57] or a block
copolymer and several alcohols [58]. The advantage of such a procedure is the pos-
sibility of obtaining nanospheres of difficult monomers, e.g., a mixture of TEOS and
methyltrimethoxysilane. The size of the particles is determined by the ratio of surfactant
to monomer [46,56,57] or the flexibility of the organic part of the alcohol [58]. It seems
that very small particles can be obtained with the help of micelles. Diameter of about
10 nm has been reported [56]. It is remarkable that cetyltrimethylammonium bromide as
a surfactant yields with TEOS and water irregular mesoporous silica spheres with highly
ordered pores while adding ethanol to the reaction mixture gave smooth spheres with
starburst pores [59]. Silica spheres with zeolite-type mesopores are also synthesized with
the help of surfactants [60,61].

29Si magic angle nuclear magnetic resonance (MAS-NMR) affords insight into the
microstucture of the silica spheres. Because of the fact that silicon connected by four
siloxane bonds to other silicon atoms (Q4 groups) has a chemical shift (∼ −110 ppm)
different to silicon connected to three (Q3 groups, ∼ −100 ppm) or two silicon atoms
(Q2 groups, ∼ −90 ppm). It was observed that the silica prepared according the Stoeber
process contains about two thirds of Q4 groups and one third of Q3 groups and only a
few per cent of Q2 groups. Silica obtained with the help of nonyl phenol ethylene oxide
has a more open structure, due to the higher content of Q3 groups. The open valences of
Q3and Q2 groups are saturated by ethoxy residues confirmed by 13C MAS-NMR [4].

6.2.2. Modification of Silica Spheres

As interactions between silica spheres are required to tune their physical properties
according to the needs of intended applications, it is necessary to design their chemical
composition. Furthermore, the spheres have to be dried for almost all applications, which
might change their properties drastically. The structure, size and composition of these
hybrid particles can be altered in a controllable way to tailor their optical, electrical,
thermal, mechanical, electro-optical, magnetic and catalytic properties over a broad
range. In the following several ways to achieve appropriate requirements are pointed
out.

6.2.2.1. Modification with Organic Residues. The motivation to modify silica particles
with organic residue is mainly due to the following reasons.

The reaction between two silanol groups (Equations (6.1) and (6.2)) might also
happen when two silica particles touch each other. This leads to irreversible connections
between the particles and will prevent resuspension in a solvent. By modifying the surface
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with organic groups the surface of the particles will be protected and the particles may
receive new properties suitable for the surrounding solvent.

An organic modification might be realized in order to obtain new functionalities,
e.g., for bonding with polymers or with chromophores.

One simple example is the surface modification of silica spheres with stearyl alcohol,
a long-chain alcohol [62,63]. Also octadecanol was used to form a protective shell
around the silica particles [60], and methods were used to attach polystyrene chains
via silanol groups [64] or polyisobutene [65]. In that way silica particles were made
more compatible to organic solvents and their surfaces deactivated. More versatile are
procedures of introducing organic functional groups. Rather easy to synthesize and
commercially available are trialkoxyorganosilanes, where alkoxy groups can react with
the silanol groups of silica, forming surface modified silica. Alternatively they might be
mixed with the TEOS reacting to a copolymer. The organic chain mostly a propyl residue
carries a functional group R1 such as a halogen, an ammino or a mercapto group.

(6.3)

The modifiers and examples given above or in the literature are tabulated in Table
6.1. Functional groups have been used to attach dyes such as fluorescein [60,66,67] or
rhodamine [60] or to form a network in epoxy composite material [68]. It was suggested
that the dye molecules (fluorescein) tend to form clusters during the synthesis of the
colloidal spheres [66]. Reactions with trimethoxysilylated polymers such as poly(maleic
anhydride-costyrene) or poly(methacrylate) lead to silica spheres with a coat of polymer.

There are interesting proposals to incorporate inorganic ions and compounds in the
silica to make use of their optical properties. CuO was infiltrated in MCM-41-type silica
nanospheres in a Stoeber-type synthesis of silica particles [61]. The chemical degradation
of alkyldithiocarbamato complexes of cadmium in the presence of sub-micrometric SiO2

particles results in the formation of CdS nanoparticles on the sphere surface [69]. Because
most metal ions form precipitates in basic solution, the synthesis of silica particles under
acidic catalysis is of advantage. The incorporation of rare earth ions in silica spheres is
interesting for photonic purposes succeeded in that way. Pr3+ and Eu3+ could be found
in silica spheres, when TEOS was reacted in a mixture of water and acetic acid. The

TABLE 6.1. Selected organic modifiers for silica.

Reagent Reference

NH2(CH2)3Si(OC2H5)3 [28,29,30,33,34]
NH2(CH2)3Si(CH3)(OC2H5)2 [32]
HS(CH2)3Si(OC2H5)3 [28]
ClC6H4Si(OCH3)3 [31]
CH3C6H3(NCO)2 [32]
Epichlorhydrin [32]
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FIGURE 6.1. Schematic representations of different core-shell designs for silica spheres. Details are given
in the text and in Table 6.2.

particles exhibited bright room-temperature luminescences when excited by an argon
ion laser at 488 nm [70]. Er3+ and Tb3+ ions could be incorporated by an analogous
procedure [71], while silver nanoparticles (∼2–5 nm) inside silica spheres could be
generated by photochemical reduction of silver nitrate [72].

6.2.2.2. Core-Shell Designs. The growth of silica spheres by a slow generation of
silicic acid by, e.g., hydrolysis of TEOS could be used to form additional layers on them.
Several design models are possible. An example is given in Figure 6.1. Several examples
are possible and worked out. The interested reader is referred to the literature [73].
A recent review on nanoengineering of spherical particle surfaces was, e.g., given by
Caruso [74]. Further special designs for various applications are given in [28,54,75–79].
A collection of selected layer structures is summarized in Table 6.2. Some interesting
materials for photonic applications could be made this way. Especially promising seems
the inclusion of highly refractive compounds such as metals, oxides and sulphides.

The core-shell design is a clever tool to modify the properties of the particles. For
instance, a chromophore can be put on the shell to interact with chemical influences from
outside while by placing the same modifier inside it will shield against the environment.
It is possible to tailor a composite particle in which every layer will confer a special
property to it [33,38].

6.2.2.3. Infiltration and Doping. Besides the core-shell method, which allows a mod-
ification of silica spheres during the sphere synthesis, other materials such as semicon-
ductor nanocrystallites, metal sols and organic chromophores have been incorporated
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TABLE 6.2. Examples of core-shell silica particles.

Core 1th layer 2nd layer Reference

SiO2 + APSa SiO2 [30]
SiO2 + APS + Dye SiO2 [33]
SiO2 SiO2 + APS + Dye [33,38]
SiO2 SiO2 + APS + Dye SiO2 + octadecanol [33,38]
SiO2 Ag [21]
α−Fe2O3 SiO2 [43]
ZnS SiO2 [44]
SiO2 ZnS [44,45]
SiO2 SiO2 + CdS SiO2 [39]

a3-Aminopropyltriethoxysilane.

into silica colloids during the synthetic step in order to functionalize these particles with
useful optical, electrical or magnetic properties [75–77]. However, the distribution of the
materials incorporated is less homogeneous in comparison to the core-shell method.

Another way of modifying nanospheres usually used for catalytic applications is
to infiltrate them with suitable materials after their synthesis [80–87]. This can be done
by either adding salts to the solvent containing the material intended to deposit in the
porous nanospheres or by allowing a chemical reaction of cations with the inner surface
of the spheres or the residual organic content left from the sphere synthesis. The latter
is present even after careful cleaning of the spheres after their synthesis. However, if the
desired material is incorporated into the sphere’s silica matrix, one may call this doping
of silica. Most probably this will not happen at room temperature. Heating the material
will allow the doping ions to further diffuse into the porous silica (see the next section).
Such a kind of doping is considerably more stable than “fixing” the infiltrated material at
some residual organic content which might partly evaporated during drying the spheres
even at room temperature.

With the further on so-called galvanic method electric-field-driven ions in the sol-
vent are captured by the porous spheres between two electrodes [88,89]. The galvanic
method works most efficiently for metal ions and allows an effective infiltration at room
temperature allowing afterwards the same chemical reactions as described above or
additional temperature treatments.

There are a few more expensive methods to modify the properties of silica spheres
such as, e.g., ion implantation [90–93]. Another less expensive method that finally should
be mentioned is infiltration of dried spheres in a dopant gas phase, which of course is
most effective at high temperatures [87].

6.2.2.4. Thermal Treatment. The spheres in an opal structure as discussed in Section 6.3
are held together just by relatively weak forces. For applications cracking or disrupting
the structure is always a problem. By sintering, annealing or heating silica spheres
above the glass point it is possible to strengthen the material. Pristine samples of silica
colloids will undergo a series of changes when they are thermally treated at elevated
temperatures. First the absorbed water will be released at ∼150 ◦C. In the temperature
range of 400–700 ◦C the silanol groups will be crosslinked via dehydration. Finally,
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FIGURE 6.2. EPR spectra of undoped silica spheres (1200 nm diameter) measured at T = 10 K and a
microwave frequency of 9.42 GHz [87].As grown silica spheres do not show an EPR spectrum (upper trace).
After annealing at different temperatures for 1 hour each new EPR spectra appear, which are discussed in
detail in the text.

these particles will start to fuse into aggregates when the temperature is raised above
the glass transition temperature of amorphous silica (∼800 ◦C). These steps are clearly
observable with suitable spectroscopic methods. Electron paramagnetic resonance (EPR)
turned out to be a particularly helpful tool, showing all steps as presented in Figure 6.2
[87]. While after drying the spheres no EPR was observed, around 400 ◦C an EPR signal
appeared, which again decreased at the expense of a completely different signal which
became strongest above 1000 ◦C. The broad and asymmetric signal observed at around
750 ◦C (Figure 6.2) is a typical signal of an amorphous surface defect in the porous silica
matrix [87]. The EPR spectrum shown for annealing at 1100 ◦C (see Figure 6.2) has a
comparably small line width and is symmetric with respect to the baseline, being more
typical for a crystalline or polycrystalline environment. Further small satellite lines, not
shown in Figure 6.2, are due to the interaction of an unpaired electron with two different
29Si neighbours. A similar spectrum is known from the so-called E′ centre in SiO2 [94],
a dangling bond centre at the SiO2 surface. Figure 6.2 implies that the EPR may serve
as a tool for controlling the heat treatment of silica spheres, which is unavoidable for the
realization of nanoporous materials discussed in the next sections.

The transition from a less dense amorphous gel composition to a glass-like structure
is also seen in the optical transmission spectra, showing that the spheres became more
transparent in the visible range after annealing at 1000 ◦C (Figure 6.3) [87].

Finally the transition from the dried gel state to the glass-like state results in a further
decrease in sphere diameter (∼5%), which was demonstrated by electron microscopy as
shown in Figure 6.4 [87].

Spectroscopic control becomes even more important in the case of sphere infiltration
or doping. As an example Figure 6.5 shows EPR spectra of Cu-infiltrated silica spheres.
The lower trace in Figure 6.5 is observed without heat treatment either after Cu-infiltration
using copper chloride, copper sulphate or copper nitrate as solvents or after infiltration
by the galvanic method [87]. The latter turned out to be the most efficient one. The EPR
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FIGURE 6.3. Transmission spectra of undoped dried silica spheres (400 nm diameter) otherwise as grown
(a) and after annealing for 1 hour at 1000 ◦C (b) [87].

spectrum (Figure 6.5, lower trace) belongs to a Cu2+ complex containing nitrogen [95] in
an amorphous environment (strictly speaking hexamine copper nitride). Independent of
the infiltration process used the EPR spectrum completely vanished after heat treatment
at about 1000 ◦C. Along with that the colour of the silica spheres changed from light
blue to dark red. A similar change in colour is observed if untreated spheres are electron-
irradiated; however, in that case a new EPR spectrum is observed probably due to an
intrinsic defect [87].

Though we end up with the same colour, obvious different reasons accidentally lead
to the same colour. Optical spectroscopy helps showing different transmission spectra. As

FIGURE 6.4. Transmission electron microscopy (TEM) images of single spheres which as grown had a
diameter of 1.2 μm (as determined by dynamical light scattering, Huber). The left image shows a sphere after
drying. The total size of the image is 1 × 1μm2. The right image shows one sphere from the same batch of
silica spheres but after heat treatment at 1000 ◦C for 1 hour [87].
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FIGURE 6.5. EPR spectra of Cu-infiltrated silica spheres (for details see the text), measured at T = 10 K
and a microwave frequency of 9.42 GHz. As grown and afterwards dried independent of the fabrication
procedure a Cu-related EPR spectrum is observed (lower trace). After heat treatment at T > 400 ◦C a new
EPR spectrum appears. Without annealing, but with electron irradiation the same EPR spectrum is observed.
Details are discussed in the text. Further information on the parameters describing the EPR is given in [87].

an example Figure 6.6 presents the spectrum obtained after Cu-infiltration and a following
heat treatment, showing a plasmon resonance at around 600 nm. This indicates that the
Cu2+ EPR signal vanished because metal colloids are built due to the heat treatment
[87]. The red colour appearing after electron irradiation is a result of an indirect charge
transfer effect.

Cu-infiltrated silica spheres illustrate the need to control the modification of spheres
by adequate methods. The most helpful tool for controlling the actual realization of sphere
modifications is EPR resolving the microscopic and electronic structure of the dopants
and their local environment with high sensitivity. Complementary optical investigations

FIGURE 6.6. Transmission spectra of Cu-doped and dried silica spheres (400 nm diameter) (a) and after
annealing for 1 hour at 1000 ◦C (b) [87].
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are indispensable. Furthermore, geometrical variations are best observed via electron
microscopy; under best conditions also details of the dopant distribution are observed.

So far using preparation methods as described above several materials have been
successfully incorporated into silica spheres for different applications. Besides the use for
medical [95–97] or catalytic applications [61,98] there are promising developments based
on magnetic particles [99–104] or metal ions [99,101,104–108]. For most applications
aggregated spheres, often periodically arranged, are needed instead of single spheres.
Thus capabilities to fabricate ordered structures of spherical colloids are discussed in the
following section.

6.3. GROWTH OF COLLOIDAL CRYSTALS

In nature silica spheres sometimes crystallize into colloidal crystals of fcc structure
through self-assembly known as opals. In the following we describe procedures for
growing artificial opals [109–113] and so-called inverted opals [27,114–124], which are
negative replica of opal structures. In principle, there are three common techniques for
obtaining artificial opals from monodisperse silica nanospheres stored in protic solvents.
Since the density of SiO2 is significantly larger than that of water (or related hydrogen
solvents) sedimentation is the dominating method for growing bulk crystals [125]. On
the other hand, the silica spheres experience attractive capillary forces at the solvent
surface due to evaporation of the solvent, leading to self-assembly of spheres close to
the surface. This method is commonly used for growing thin film opals. Both methods
critically depend on competing interactions between spheres themselves and between
spheres and environment. Another attempt is to ignore these interactions by applying
strong external forces such as centrifugation [118,126,127] or electrophoresis [128–130].
However, in this case no self-assembly of the spheres is expected and additional agitation
is needed to improve crystalline quality.

Opal growth by self-organization of monodisperse silica spheres is of course the
most interesting and by far most intensive studied phenomenon. Charged silica colloids
suspended in a protic solvent interact through hard-core repulsions, van der Waals attrac-
tions, Coulomb interactions and hydrodynamic coupling. The influence of the spheres
on the surrounding medium modifies these interactions, for instance leading to screening
of Coulomb interactions or giving rise to entropically driven depletion interactions in
heterogeneous suspensions. Solvents usually used are, e.g., water or ethanol.

In the following relevant interactions responsible for growth mechanisms of col-
loidal crystals from a diluted suspension of monodisperse silica spheres will be repre-
sented briefly.

6.3.1. Interactions Between Colloidal Particles

6.3.1.1. Coulomb Interaction. The acidity of the silanol groups causes a negative
charge of the silica particles [5]. The isoelectric point of the particles can be altered
by surface modification, e.g., for a pH value of about 3 for amino group functionalized
particles [4]. Therefore silica spheres always carry surface charges due to adsorbed ions
or electrons, and due to the dissociation of polar groups at the surface the Coulomb
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interaction is the most important. Furthermore, the solvent itself contains moveable
charges (dissolved salts). Unaffected by the kind of charges dissolved ions are mainly
found at the complementary charged silica spheres. A shell of ions is precipitated, the
so-called Stern layer [131]. The strength of this Coulomb energy dissipates exponentially
away from the surface as the concentration of further ions of this layer follows Boltz-
mann’s law. Using this space charge distribution the resulting potential can be derived
by the Poisson equation. The mathematics that describes the electrostatic force finds its
origin in the Poisson–Boltzmann distribution [132]:

∇2 φ (r ) = κ2 φ (r ) . (6.4)

Numerous models have been developed from this fundamental relationship. Sim-
plified models are based on assumptions about particle geometry, surface charge and
potential [133]. An electrostatic interaction energy model used to describe the com-
monly encountered geometry of a sphere and a flat plate in water is, for example, given
by Gregory [134] (see also [133]).

Solving the Poisson–Boltzmann equation for the long-range Coulomb repulsion
shielded by electrolytes outside a sphere of radius R carrying charge z1e yields a Yukawa
potential [135]:

φ (r ) = z1e

4πε (1 + κ R)

exp [−κ (r − R)]

r
. (6.5)

The potential is repulsive and steep compared to the sphere radius. The particle charge can
be determined easily from the mobility in an electric field and is about 10–16 C = 103e–.
The remaining ions in an otherwise ion-poor solvent do not influence the estimation
made above [136].

κ in Equations (6.4) and (6.5) is the reciprocal Debye–Hückel length of the solvent
[137]

κ2 = e2

ε kBT

∞∑
i=2

ni z
2
i (6.6)

with zi the valence and ni the concentration of ion i . An increase in electrolyte concen-
tration results in a decrease in the Debye–Hückel length and concomitant reduction in the
electrostatic interaction energy due to the shielding effect of the ion shell of the sphere on
the Coulomb potential. At a specific salt concentration, known as the critical coagulation
concentration, the electrostatic interaction force can be virtually neutralized. Changes in
pH influence the range and magnitude of electrostatic forces. Reactions between protons
and charged surface functional groups can change the net surface potential on a particle
[138].

6.3.1.2. Van der Waals Attraction. The van der Waals attraction is a common interaction
of all matter. In the case of silica spheres one has to integrate over all dipoles of spheres,
which can be done easily because of the simple geometrical properties of a pair of
spheres. The interaction energy results in the following attractive potential [139],

φ (r ) = −A12
R

12r
(6.7)



COLLOIDAL CRYSTALS 121

with the sphere radius R, the distance r between two spheres and the constant Ai j

for the material combination. Ai j is known as the Hamaker constant [140,141] and is
proportional to the square of the polarization of a material. In the theory of Hamaker
the constant A is given as the sum of Ai j over single terms of the combination of two
materials (ij) which are tabled [142]. For two particles consisting of materials 1 and 2,
respectively, in a solvent (medium 3) the Hamaker constant is calculated by [132,143]

A123 = A12 + A33 − A13 − A3. (6.8)

So far the competing electrostatic interactions, the screened Coulomb and the at-
tractive van der Waals interaction (now expanded including dispersion effects) have been
discussed as the main interactions between charged objects in an electrolyte. However,
further interactions have to be considered (see below) while it was recently argued
that both electrostatic interactions discussed so far cannot be considered separately
[144–146].

Attempts to quantitatively describe colloidal interactions [147,148] resulted in the
famous DLVO (Derjaguin–Landau–Verwey–Overbeek) model. The DLVO theory was
developed by balancing attractive dispersion (London, van der Waals) and repulsive
electrostatic Coulombic forces and meanwhile had been accepted to be inclusive of all
primary interfacial forces of significance. Both van der Waals and Coulombic forces can
be either repulsive or attractive depending on chemical structure, suspending medium
properties and surface potential.

6.3.1.3. DLVO Theory. The nonlinear Poisson–Boltzmann equation (6.4) has only been
solved analytically for a very restricted set of geometries, parallel charged plates, for
example [133,134]. Solutions for more general geometries such as pairs of spheres have
proved elusive. Even this intractable model involves a dramatic simplifying approxima-
tion. The suspending fluid appears in Equations (6.4) and (6.5) only through its dielectric
constant. This so-called primitive model completely neglects effects due to the structure
of the solvent, an approximation which fails when the separation between nanospheres
becomes comparable to a few molecular radii.

Derjaguin, Landau, Verwey and Overbeek (DLVO) [147,148] pushed the field
forward in the 1940s by applying approximations from the Debye–Hückel theory of
electrolyte structure [137,139].

The DLVO theory provides approximate solutions to the Poisson–Boltzmann equa-
tion describing the nonlinear coupling between the electrostatic potential and the dis-
tribution of ions in a colloidal suspension. It predicts that the effective pair interaction
in dense suspensions sometimes has a long-ranged attractive component. The resulting
interaction between isolated pairs of well-separated spheres has the form [149]

φ(r )

kBT
= Z∗

1 Z∗
2

eκa1

1 + κa1

eκa2

1 + κa2
λB

e−κr

r
+ V (r )

kBT
(6.9)

where r is the centre-to-centre separation between two spheres of radii ai with effective
surface charges Z∗

i in an electrolyte of the Debye–Hückel screening length κ–1. λB =
e2/kBT is the Bjerrum length, equal to 0.714 nm in water at T = 24 ◦C, and V (r ) is the
Coulomb potential.
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The full DLVO potential includes a term accounting for dispersion interactions
(see above, extended van der Waals interaction), which, however, is negligibly weak for
well-separated spheres [150,151].

6.3.1.4. Depletion Potential. Besides optimizing the above-described interactions be-
tween colloidal particles themselves and the solvent, further procedures are necessary
for the growth of extended colloidal crystals of high quality. It was shown by Asakura
and Oosawa [152] and independently recovered and further elaborated by Vrij [153] that
the addition of a non-adsorbing polymer to a dispersion of colloidal particles will lead
to an effective attractive interaction. The attractive interaction, which is called the de-
pletion interaction, is the origin of a rich phase behaviour displayed by colloid–polymer
mixtures. Depletion interactions can occur in systems that have particles with disparate
sizes: for example, a system that contains large spheres in dispersion comprised relatively
small colloids. As the large spheres approach one another, the smaller colloids will be
excluded from the gap between them, which results in a decrease in osmotic pressure
between the spheres. This reduction in osmotic pressure results in an attractive force
called the depletion attraction. In Figure 6.7 this situation is sketched schematically.

The depletion interaction can be explained in terms of purely repulsive interactions
between the polymers and the much larger colloidal particles. Each colloidal particle is
surrounded by a shell with a thickness of the order of the radius of gyration of a polymer
molecule through which the centre of the polymer cannot penetrate. This excluded region
is called the depletion zone (see Figure 6.7a). When two colloidal particles approach each
other such that their respective depletion zones start to overlap, the available volume for
the polymer increases. This extra volume in turn causes the total entropy to increase and
the free energy to decrease. The colloidal particles experience an effective attraction. In
other words, if the depletion layers overlap, the osmotic pressure becomes anisotropic
and there is a net osmotic force (see Figure 6.7b).

FIGURE 6.7. Schematic representation of two colloidal spheres in a polymer solution with non-adsorbing
polymers. The depletion layers are indicated by dashed circles. (a) The osmotic pressure on the spheres due
to the polymer solution is isotropic when there is no overlap. (b) The osmotic pressure on the spheres is
unbalanced for overlapping depletion layers (the excess pressure is indicated by the arrows).
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In the case of binary mixtures of large and small colloidal hard spheres, the depletion
potential is in lowest order in the density given by [154,155]

φ(r ) = 3kBT δ
R

σ

(
1 − r

σ

) 2
. (6.10)

Here, kBT is the thermal energy, δ is the volume fraction of the small spheres, R is the
radius of the large spheres, σ is the diameter of the small spheres and r is the distance
between the surfaces of the two large spheres.

The addition of non-adsorbing polymer to a colloidal suspension induces an in-
terparticle “depletion” attraction whose range and depth can be “tuned” independently
by altering the polymer’s molecular weight and concentration respectively and could
therefore be an extremely helpful tool for the growth of colloidal crystals. The control
of attraction due to the density of much smaller particles leads to large crystalline areas
in separated phases [156]. In the case of polymer particle several investigations on the
phase behaviour were made [157–159] showing useful phase diagrams [159] for crystal
growth. A consequence from these phase diagrams is that already at low bead densities
the crystallization is initialized when a high concentration of small particles is present
in the solvent.

6.3.2. Dynamics in Colloidal Suspensions

6.3.2.1. Gravity and Friction. Optimal fabrication of useful devices often requires an
understanding of how to control the crystalline structure by changing the interactions
among colloidal spheres, as well as the kinetics of the colloidal spheres. Particles in a
suspension are always moving independently due to the Brownian motion. Einstein [156]
showed that colloidal particles in a stationary solvent can be regarded as an ideal gas,
which results in a diffusion coefficient of a highly diluted system under the assumption
that motion through the solvent is connected with the Stokes friction.

However, the suspension additionally experiences gravity. Altogether one has
to consider the interaction of gravitational (Fg = (1/6π)ρsgd3), Archimedes (FA =
(1/6π)ρhgd3) and frictional forces (Ff = 3πηvd), where ρs and ρh are the sphere and
solvent mass densities, g is the gravity acceleration, η is the viscosity of the solvent, d is
the sphere diameter and vis their velocity. When all forces are balanced, the Stokes law is
obtained giving directly an expression for the velocity of the silica spheres in the solvent:

v = gds

2η
(ρh − ρs). (6.11)

Experimental observations reproduced this expression in an excellent way [160]. Best
colloid crystal qualities are obtained for sedimentation speeds between 0.2 and 0.7 mm/h
[130]. This can be achieved by appropriate chosen ratio of densities of the silica spheres
and the solvent partly compensating the gravitational field. If the suspension is suffi-
ciently diluted the previously discussed attractive and repulsive forces between spheres
result in crystallized structures of high order. Especially the formation of the first sedi-
mentation layer was documented in detail by Salvarezza et al. [161]. Even at the surface
the spheres move by diffusion until they reach their final position. From diffusion theory
a distribution probability of spheres can be calculated which then can be used to study
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the crystallization of the system. Similar to atomic crystallization the ratio of the total
volume and that of all particles in the solvent can be used as a thermodynamic parameter
of state in order to describe the phase transition from liquid to solid [162,163]. If this
volume ratio exceeds the critical value of 0.49 it will become entropically favourable to
establish a long-range order and crystallization starts [164–166]. The crystal structures
that have been observed in such systems include bcc, fcc, rhcp and AB2 [167–177].
When the screening length is shorter than the centre-to-centre distance between two
spheres, the colloidal spheres act like “hard spheres” and they will not influence each
other until they are in physical contact. In this case, an fcc crystal structure is formed.
If the screening length is longer than the centre-to-centre distance, the colloidal spheres
behave like “soft” spheres and will only crystallize into a bcc lattice [174–177]. In both
crystalline structures, the colloidal spheres are separated by a distance comparable to
their size. The disorder-to-order transition can be provoked either by increasing the
volume fraction of colloidal spheres or by extending the range of the screening length.

The major disadvantage of the sedimentation method is that it has very little control
over the morphology of the top surface and the number of layers of the 3D crystalline
arrays [161]. It also takes relatively long periods of time (weeks to months) to completely
settle sub-micrometre-sized particles. The 3D arrays produced by the sedimentation
method are often polycrystalline. Sedimentation under an oscillatory shear could greatly
enhance the crystallinity and ordering in the resulting 3D arrays [178]. In addition to its
function as a means for increasing the concentration of colloidal spheres, the gravitational
field has a profound effect on the crystalline structure. In a micro-gravity experiment
this effect could be eliminated showing that the colloidal spheres were organized into a
purely random hexagonal close-packed (rhcp) structure [179].

Figure 6.8 shows a part of a colloidal crystal made from monodisperse silica spheres
by sedimentation deposited on a silica glass substrate. The displayed area proves that an

FIGURE 6.8. Electron micrograph of a colloidal crystal made of silica spheres (400 nm diameter) showing
an fcc structure. The crystal was grown by sedimentation on a silica glass substrate. The crystalline quality
could be improved by applying an external acoustic field [8].
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FIGURE 6.9. (a) Transmission spectrum of a polycrystalline colloidal crystal from silica spheres (240 nm
diameter) [180]. The sizes of the crystals are at least 20 μm. Since the lattice constants of the colloidal
crystals are in the range of the wavelength of the visible light, the transmission spectrum is mainly given
by Bragg reflections. Therefore from the transmission spectrum the quality of a colloidal crystal can easily
be determined without any damage. The spectrum can be calculated as a superposition of reflections from
various differently oriented microcrystals [226]. The notation is given according to directions in k space for
an fcc crystal structure. (b) Transmission spectrum of a highly ordered colloidal crystal of silica spheres
(230 nm diameter) [8]. The angles are given relative to a 〈111〉 direction.

fcc crystal structure is realized. The high crystalline quality was, however, received by
applying an external acoustic field [8]. The crystal quality can be controlled with high
spatial resolution by electron microscopy as demonstrated in Figure 6.8, which unfortu-
nately is a destructive method. Adapting X-ray diffraction used for the study of crystalline
structures of atomic crystals to sub-micrometre lattice elements (silica spheres) visible
or ultraviolet light has to be used. One receives similar diffraction images for colloidal
crystals as one obtains for atomic crystals, which then allows discriminating amorphous
packing, polycrystalline or single crystals. Depending on the light spot used, the desired
spatial resolution might be obtained. The spectrum in Figure 6.9a is an example for a low
crystalline quality due to numerous differently oriented microcrystals [180]. However,
the spectrum of such a polycrystal can be calculated by superposing Bragg reflections
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from different orientations of microcrystals with a given crystal structure [89]. In com-
parison Figure 6.9b shows a spectrum of a colloidal crystal of high crystalline quality
[8]. Growing colloidal crystals by sedimentation is a time-consuming procedure, which
usually results in a non-adequate crystalline structure as well. As already mentioned
above (Figure 6.8) external fields might enhance the crystalline structure, which will be
discussed now.

6.3.2.2. External Fields. The precise control of the sedimentation velocity requires
additional external fields, which partly compensate gravity and buoyancy. In lit-
erature there are numerous examples where electric [111,164,181–183], magnetic
[101,103,105,128,182,184–187] or gravity [125,163,164,167,179,188,189] fields were
applied.

When an electric field is applied along the gravitation field the velocity of sinking
spheres is simply given by Equation (6.11), which is now extended by the electrical
mobility μ of the spheres in an electric field E [190]:

v = d2g (ρs − ρh)

2η
+ μE . (6.12)

The electrical mobility of the silica spheres can be tuned within certain limit by
the pH of the solvent [130]. If the monodisperse SiO2 nanospheres are of diameters less
than 300 nm or more than 550 nm, a controlled crystal growth is usually not successful
[130]. If the spheres are too small, the sedimentation rate is very slow or even may not
occur. If they are large enough, their sedimentation velocity is such that it is quite hard to
achieve an ordered array, and it becomes completely impossible if the diameter is further
increased. It is known that when the gravitational energy is much larger than the thermal
energy (kBT ), the sedimentation occurs far from equilibrium and noncrystalline sedi-
ment is obtained. The application of electric fields on charged particles (electrophore-
sis) [130,164,191], or on uncharged particles (dielectrophoresis) [192–194], allows a
precise control of the sedimentation velocity and was investigated in detail by several
authors.

Colloidal crystal formation can also be directed by magnetic forces [101,195].
Mainly magnetic fields are used for arraying composite magnetic core-shell particles,
where the shell consists of magnetite (Fe3O4) nanoparticles with a typical diameter of
10 nm. Because of their single domain nature, these particles bear a permanent magnetic
dipole. The energy of one such dipole in the field of a strong permanent magnet is large
enough to align these dipoles almost completely with the field. Moreover, the mag-
netic attraction energy between two magnetic particles is expected to have a noticeable
influence on the phase behaviour of a colloidal suspension.

If the silica spheres are too small, resulting in an unacceptable small sedimentation
velocity, additional forces are needed in order to reduce the time required for crystal
growth. Besides applying an electrical field, moderate acceleration in a centrifugal field
is an alternative [118,126,127]. The crystal quality obtained can be optimized by ad-
ditionally applying ultrasonic. The acoustic field, either phase, frequency or amplitude
modulated, acts as a “macroscopic” temperature and supports diffusion during acceler-
ation forced sedimentation. It should be noted that ultrasonic density modulation of the
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suspension should act only outside the solid phase; otherwise the solid phase would be
“heated” again.

6.3.2.3. Self-Assembly by Capillary Forces. So far the forces and methods described
have been mainly used to grow bulk crystals. For the use of photonic applications thin
opal layers might be sufficient. Thin opal films can be deposited on a flat substrate by
a controlled evaporation of the solvent containing a diluted solution of silica spheres.
Experimentally this can be achieved either due to lowering the solvent level by cau-
tiously evaporating the solvent or by slowly lifting the substrate such that at the solvent
surface a moving meniscus is induced between the spheres (dip coating). However, the
quality of the opaline layers received depends strongly on the relative densities of the
solvent and the silica spheres, because when using this method sedimentation should
be restricted. One is then left with forces acting between the particles only. At the sur-
face of the colloidal suspension capillary forces, strictly speaking the minimization of
the surface energy, result in an attractive force between the spheres [196,197]. The sum
of attractive capillary forces acting between the spheres is large compared to the forces
between particles described above. Since the surface of the solvent between the spheres
is enlarged due to the bend meniscus, the evaporation is enhanced between the spheres,
thus a convective flux into the direction of the interacting spheres attracts further par-
ticles. This results in self-organized growing clusters of silica spheres at the solvent
surface [196,198–203]. By controlling the solvent evaporation rate the flux of the par-
ticles moving to the growing colloidal clusters can be controlled. Thus the crystalline
quality can be optimized by critically choosing an appropriate balance between parti-
cle diffusion and crystallization. As one would expect the particle flux as well as the
evaporation of the solvent also depends on the temperature. Additional external fields
such as ultrasonic or electrical fields can be used to optimize the crystal structure. Nev-
ertheless, this method is mainly used to grow thin colloidal layers, at least monolayers
of silica spheres. Besides the probability of moving the solvent surface by evaporation
or moving the substrate, in principle, there are two further choices concerning the ori-
entation of the substrate, namely vertical [190,204] and horizontal orientations. Apart
from better crystallinity the vertical alignment allows us to vary the number of mono-
layers simply by changing the bead concentration in the suspension [204]. Application
of alternating external force during the crystallization of the colloid, particularly, shear
alignment, has been suggested to enhance the crystallinity and to produce large-area
(∼cm2) defect-free opaline crystals [205]. There are a few experiments to further im-
prove the crystal quality [205] using the vertical deposition method, such as experiments
on the effect of the evaporation temperature [206]. The growth of colloidal crystals from
aqueous solution can be proceeded at a higher evaporation temperature than that from
an ethanolic solution; however, the crystal growth rate is lower. It is found that col-
loidal crystals grown at a higher evaporation temperature (∼>55 ◦C) show an increas-
ing tendency towards an equilibrium fcc phase, and also have fewer dislocations and
vacancies [206].

Thick layers or bulk colloidal crystals are also obtained with a multiple dip coat-
ing. Recently, the capability and feasibility of this method in forming 3D opal lattices
with well-controlled numbers of layers along the [111] direction were demonstrated
[190].
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6.3.3. Alignment Under Physical Confinement

Monodispersed colloidal spheres often organize themselves into a highly ordered
3D structure when they are subjected to a physical confinement [173,207,208]. Recently
with such a method 3D opal arrays of colloidal spheres could be produced with domain
sizes as large as several square centimetres [209–211]. Colloidal spheres (regardless of
the forces between spheres, see above) were assembled by gas pressure into a highly
ordered structure in a specially designed packing cell. A continuous sonication was the
key to the success of this relatively fast method.

Generally for the fabrication of more controlled crystalline arrays, self-assembly
of colloidal spheres on a patterned substrate represents a promising method [212]. A
patterned substrate has two kinds of geometrical parameters: the periodicity of the pat-
tern and the surface modulation depth or height of the pattern. Several research groups
reported on the effects of the periodicity of the pattern on the crystal array [213,214].
It was demonstrated that colloidal crystallization is greatly affected by the ratio of the
surface modulation depth or height to the colloid diameter [188]. Especially there is a
large effect of the colloidal array on an imprinted substrate [215].

The physical confinement approach combines templating and attractive inter-sphere
forces to self-assemble monodispersed nanospheres into complex aggregates with well-
controlled sizes, shapes and internal structures [212,215–217]. For example, the use of
patterned arrays of relieves on solid substrates to grow colloidal crystals [188,213,218–
220] having unusual crystalline orientations and/or structures [221] was demonstrated.
Other examples are patterned monolayers directing the deposition of colloidal particles
onto designated regions on a solid substrate [215,222,223].

6.4. THREE-DIMENSIONAL PERIODIC NANOPOROUS MATERIALS

Highly ordered 3D structures of monodisperse colloidal spheres made by techniques
described above are themselves particularly suitable candidates as templates for highly
ordered porous structures. The colloidal 3D structure as a template simply serves as
a scaffold around which other kinds of materials are synthesized. After removal of the
template an inverted structure remains. The porous materials obtained are called “inverted
opals” (see above).

Such a template-directed synthesis is a convenient and versatile method for gener-
ating nanoporous materials. Templating against opal arrays of colloidal spheres offers
a generic route to nanoporous materials that exhibit precisely controlled pore sizes and
highly ordered 3D nanoporous structures [114–116,118,209,224] and has been success-
fully applied to their fabrication from a wide variety of materials, including organic
polymers, ceramic materials, inorganic semiconductors and metals [27,114–116,118–
124,225,209,226–230]. The fidelity of this procedure is mainly determined by the quality
of the colloidal sphere template, kinetic factors such as the filling void spaces in the tem-
plate and the volume shrinkage of precursors during solidification (usually by drying or
heating).

For the realization of such structures several procedures have been developed. After
drying the opal array of colloidal spheres, the void spaces among the colloidal spheres
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are infiltrated with a liquid precursor such as a dispersion of nanoparticles [228], a
solution containing an inorganic salt [119], an ultraviolet or thermally curable organic
prepolymer [116,117,209], an ordinary organic monomer [27] or a sol–gel precursor
to a ceramic material [27,114–116,118,209,224–227]. Subsequent solidification of the
precursor and removal of the colloidal spheres results in a 3D nanoporous structure with
a highly ordered architecture of uniform air spheres, interconnected to each other by
small circular windows. The void spaces among colloidal spheres have also been filled
with a variety of materials through electrochemical deposition [121,123] or by chemical
vapour deposition (CVD), with which the degree of filling can be accurately controlled.
Thus, CVD was used to fill silica crystals with graphite and diamond [224], silicon
[231] and germanium [232]. However, a difficulty is the obstruction with material of the
outermost channels which provide access to the innermost channels. By low-pressure
CVD, which prevented channel obstruction, and highly ordered silica crystals, inverted
crystals of silicon were fabricated [233]. Similarly, a liquid phase deposition process can
be used if the deposition occurs under mild conditions and results in conformal hydrous
films growing the inverted structure [29].

In the next 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.

Figure 6.10 shows an inverted opal made from a highly ordered silica nanosphere
template which was infiltrated with TiO2 nanocrystals [226]. The TiO2 nanocrystals were

FIGURE 6.10. The inverted opal structure was made from a highly ordered silica nanosphere template
infiltrated with TiO2 nanocrystals, which were grown by a sol–gel process. After infiltration, heating for
solidification and removal of the template the inverted structure remains. The size of the TiO2 nanocrystals
is typically up to 10 nm [226].
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grown by a sol–gel process [4]. After infiltration, heating for solidification and removal
of the template the inverted structure remains, showing the polycrystalline structure of
TiO2 nanocrystals with sizes up to 10 nm (see Figure 6.10).

The fabrication of nanoporous materials based on this approach is not only remark-
able for its simplicity, and for its degree of accuracy in transferring 3D nanostructures
from the template to the replica, but also a cost-effective and high-throughput procedure.
The size of the pores and the periodicity of the porous structures can be precisely con-
trolled and easily tuned by changing the size of the colloidal template spheres. A similar
approach is extensible to a large variety of materials. The only requirement seems to
be the availability of a precursor that can infiltrate into the void spaces among colloidal
spheres without significantly swelling or dissolving the template.

6.5. APPLICATIONS

Colloidal particles have been extensively studied in the context of materials
science, condensed matter physics, chemistry, biology, medicine and applied optics
[169,234,235]. They have long been used as major components of numerous industrial
products such as inks, paints, toners, coatings, foods, drinks, cosmetics or photographic
films [149,236,237]. Spherical colloids have been the dominant subject of research for
many decades due to their ease of production as monodispersed spheres [238–240]
and the wide variety of chemical methods developed to generate them from a range
of different materials [6,36,241–243]. Spherical colloids can be readily self-assembled
into three-dimensionally ordered lattices such as colloidal crystals or synthetic opals
[167,168,244]. The ability to crystallize spherical colloids into spatially periodic struc-
tures has allowed us to obtain interesting and often useful functionality not only from
the colloidal materials but also from the long-range order exhibited by these crystalline
lattices [76,176,177,245]. Until now numerous applications for colloidal particles are
known; however, so far only a few applications have been established for colloidal crys-
tals. Materials with spatially ordered features on the nanometre scale have, however,
current and future potential applications in optical or magnetical information process-
ing and storage, advanced coatings, catalysis and other emerging nanotechnologies. The
long-range ordering of the colloidal particles results in a number of distinctive and po-
tentially useful characteristics such as optical diffraction and photonic bandgaps. Studies
on the optical properties of these materials have now evolved into a new and active field
of research that is often referred to as photonic crystals or photonic bandgap structures
[27,114,116,118,121–124,127,228–231,246,247]. The reader who is interested in the
background on the physics of photonic crystals is referred to textbooks and monographs
[248–252].

There are also biological applications of colloidal nanocrystals reported [253], for
example, the use of nanostructured materials as artificial bones [254], as fluorescent
probes to label cells [25,255–263] and chemical libraries [264–266].

Monolayers of magnetic monodisperse core-shell colloids are currently under inves-
tigation for their application to ultra-high-density magnetic storage devices [267–270].
Chemical techniques have been used to form silica coatings on nanoparticles of various
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materials including nickel [271], iron [272–274], iron oxide [275–277] and a nickel/iron
composite [274]. Because of the large surface area to volume ratio of nanospheres, coat-
ing by magnetic materials is less favourable because metallic nanoparticles are ham-
pered by issues of chemical stability, dispersion and surface functionalization. They
are susceptible to attack by oxidative or corrosive environments that may alter their
chemistry and diminish their properties, thus they have to be protected by additional
coating.

In nanosphere lithography technique the self-assembly of single layer and double
layer of nanospheres is used forming a hexagonally close-packed crystal for the depo-
sition of material through this colloidal crystal mask, with subsequent removal of the
nanospheres, resulting in an array of evenly spaced, homogeneous nanoparticles [278–
281]. The dimension of these truncated periodic nanoparticle arrays can be easily tuned
by choice of nanosphere diameter. Nanosphere lithography can be envisioned for appli-
cations such as fundamental studies of material properties as a function of particle size,
quantum dot arrays [282–284], single-electron transistors and the electrochemistry of
nanometre-sized structures (e.g., high-Tc Josephson effect devices [285]).

Dried colloidal crystals are very brittle and may disperse in water. Any practical
device thus requires that the crystal either be fixed in place or replicated by another more
robust material. Indeed, nature’s opals are an example of fixing. A colloidal crystal of
silica spheres is made into a solid material after infiltrating the voids between the particles
by hydrated silica. Within a few years the fabrication of porous materials using colloidal
crystal templates has become a rapidly growing field. Nearly all classes of inorganic
and organic materials and metals have been templated into porous ordered structures.
The creation of these structures is a fascinating and intellectually challenging problem,
but interest in these materials also arises from their wide array of potentially usable
applications. One of the most “visible” applications is photonic crystals. Such crystals
could increase the efficiency of light emitting diodes and be used in optical processing
devices as integrated optical miniature waveguides [286,287], filters and resonators,
microcavity lasers [288], mirrors or optical chips [220], thereby acting as analogs to
semiconductors in electric circuits [248].

Structured porous materials (inverted opals) can possess desired full photonic
bandgaps when created out of a matrix with high refractive index [121,127,228,229,
248,289]. However, such materials have not yet been synthesized, even though recent
advances in creating structures via electrochemical growth of semiconductors appear
very promising [248].

Apart from photonic crystals and optical applications, the three-dimensional porous
materials have potential applications in advanced catalysis, where the hierarchical
porosity combines efficient transport and high surface area. Both the bulk and surface
chemistry of the materials can be modified to the desired composition [29,118,119].
Interesting catalytic and other applications could be based on the ability of the method
to form membranes or composite metallic/dielectric structures. This new field is clearly
far from exhausting its store of novel ideas and possibilities [28]. An interesting ap-
plication could also be photocatalysis (see, e.g., [290]) either when using inverted
opals for collecting light or by using directly inverted opals made from semicon-
ductors.



132 CHAPTER 6

6.6. CONCLUDING REMARKS

Although a variety of preparation methods have been developed, the creation of
high quality periodic 3D porous structures, preferably over large areas, uniformly and
at low cost, is still a challenging problem. Problems associated with template assisted
fabrication of porous structures include preparation of a high quality template, complete
filling of the voids in the template and the minimization of shrinkage upon template
removal by heating or etching. Since any of these factors can influence the final quality
of the porous structure, all these requirements must be fulfilled at the same time.

Devices based on porous titania such as photo-voltaic cells, gas sensors or elec-
trochromic displays have attracted considerable attention in recent years. The efficiency
of such devices is enhanced by a precise control of pore size and distribution. Sol–gel
fabrication routes offer both low cost and great flexibility in the fabrication of periodic
porous 3D structures.
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Bewegung von in ruhenden Flüssigkeiten suspendierten Teilchen), Annalen der Physik 17, 123 (1905).

[157] H. de Hek and A. Vrij, Phase separation in non-aqueous dispersions containing polymer molecules and
colloidal spheres, J. Colloid Interface Sci. 70(3), 592–598 (1979).

[158] C. Pathmamanobaran, H. de Hek and A. Vrij, Phase seperation in mixtures of organophilic spherical
silica particles and polymer molecules in good solvents, Colloid Polym. Sci. 259, 769 (1981).

[159] S.M. Ilett, A. Orrock, W.C.K. Poon and P.N. Pusey, Phase behavior of a model colloid-polymer mixture,
Phys. Rev. E 51(2), 1344 (1995).

[160] O.D. Velev, A.M. Lenhoff and E.W. Kaler, A class of microstructured particles through colloidal
crystallization, Nature (London) 287, 2240 (2000).

[161] R.C. Salvarezza, L. Vázquez, H. Mı́guez, R. Mayoral, C. López and F. Meseguer, Edward-Wilkinson
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