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I. Introduction

Photonic crystals, as structural units for control of light

flow, have a great potential for application in photonic

techniques. The first observation of a photonic band gap in

synthetic opals (photonic crystalline materials with the opal

and inverse opal structures) was reported in 1995.1 Since

then, considerable attention has been paid to such materi-

als. Their advantages include a relative simplicity of syn-

thetic routes and the lack of limitations on the sample size.

A main drawback is the presence of natural structural

defects appearing during the synthesis.

Unlike other reviews devoted to the investigations of

this type of photonic crystals,2 ± 6 in the present study the

emphasis is placed on structural features of opals and

inverse opals and on the corresponding methods of inves-

tigation.

II. Photonic crystals and photonic band gaps

The scope of the science of photonics includes the principles

of design of devices whose operation is based on various

photon-related phenomena. Progress in photonics can lead

to a breakthrough in data transfer and information proc-

essing technologies.2 Studies in this field began with the

invention of lasers and optical fibres that act as sources of

and transmission lines for the new type of information

carriers, viz., photons. However, further development of

photonics requires the design and fabrication of logical

devices for manipulation of signals. Possible candidates for

such devices are the so-called photonic crystals, i.e., materi-

als characterized by spatially-periodic changes in the refrac-

tive index on the length scale of the wavelengths of certain

types of electromagnetic radiation. Note that the term

`crystals' is only formally applicable to these materials

because they consist of the same structural units whose

size is much larger than the size of an atom, being com-

parable with the wavelengths of electromagnetic radiation

in the visible or IR regions. Nevertheless, the term `photonic

crystals' is commonly recognized at present because of

numerous analogies between the photonic and conventional

(atomic) crystals. All crystals including atomic, ionic,

molecular ones, etc. effectively scatter some types of radia-

tion (X-ray radiation, neutron radiation, etc.) provided that

the lattice constants are of the same order of magnitude as

the radiation wavelength. Photonic crystals can also be

transparent to a broad spectrum of electromagnetic radia-

tion; however, they do not transmit light with the wave-

lengths comparable with the lattice constant. Due to the

Bragg diffraction the energy spectrum of photons is divided

into the allowed and forbidden bands similarly to the case

for electronic spectra of conventional crystals.

Intensive research on photonic crystals began in 1987

when fundamental theoretical studies by Yablonovitch 7

and John 8 were reported. Yablonovitch 7 proposed to use

structures with periodic modulation of the refractive index

for controlling the probability of spontaneous emission.

John 8 considered localization of light in analogous struc-

SOKlimonsky, V VAbramova, A S Sinitskii, YuDTretyakovDepartment

of Materials Science and Department of Chemistry, M V Lomonosov

Moscow State University, Leninskie Gory 1, 119991 Moscow, Russian

Federation. Fax (7-495) 939 09 98, tel. (7-495) 939 20 74,

e-mail: klim@inorg.chem.msu.ru (S O Klimonsky),

abramova.vera@gmail.com (V V Abramova),

sinitskii@gmail.com (A S Sinitskii), tel. (7-495) 939 20 74,

e-mail: yudt@inorg.chem.msu.ru (Yu D Tretyakov)

Received 12 October 2011

Uspekhi Khimii 80 (12) 1244 ± 1262 (2011); translated by A M Raevskiy

DOI 10.1070/RC2011v080n12ABEH004237

Photonic crystals based on opals and inverse opals: synthesis and
structural features

S O Klimonsky, V V Abramova, A S Sinitskii, Yu D Tretyakov

Contents

I. Introduction 1191

II. Photonic crystals and photonic band gaps 1191

III. The synthesis of opals and inverse opals 1193

IV. Structural features of opals and inverse opals 1197

V. Methods of investigation of structural defects in opals and inverse opals 1199

VI. Conclusion 1203

Russian Chemical Reviews 80 (12) 1191 ± 1207 (2011) # 2011 Russian Academy of Sciences and Turpion Ltd



tures with artificial defects. However, it should be noted

that many fundamental ideas indissolubly related to pho-

tonic crystals were for the first time reported much earlier,

namely, in Bykov's studies,9 ± 11 which for long did not draw

attention of research community. Bykov theoretically inves-

tigated spontaneous emission of atoms and molecules

placed in a model one-dimensional (1D) photonic crystal

whose photonic band gap corresponded to the wavelength

of emitted photons. According to calculations, if the num-

ber of layers in photonic crystals is sufficiently large,

spontaneous emission can be almost completely suppressed.

Based on the results obtained, Bykov was the first who

proposed to use the effect of suppression of spontaneous

emission for fabrication of low-threshold lasers. To this

end, he proposed to use three-dimensional (3D) photonic

crystals characterized by only one direction of propagation

of radiation, all other directions being suppressed. More

recently, the idea of using 3D photonic crystals to suppress

spontaneous emission was repeated by Yablonovitch.7

Interestingly, studies 9 ± 11 were published long before the

term `photonic crystal' was coined; Bykov called the struc-

tures he investigated `periodic media with band energy

spectrum'.

Depending on the structure and on the ratio of the

dielectric constants of the dielectrics forming a photonic

crystal, it can have a complete band gap, a pseudo-band gap

or a stop band. The presence of a complete bandgap means

that in some spectral region, electromagnetic waves of any

polarization cannot enter the crystal or go out along any

crystallographic direction. As an example, Fig. 1 presents

the photonic band structure of a photonic crystal formed by

hollow silica spheres packed into a face-centred cubic (fcc)

lattice.12 As can be seen, a complete photonic band gap is

observed at oa/(2pc)& 0.83, where o is the angular fre-

quency, a is the lattice constant of the cubic photonic crystal

and c is the speed of light in vacuum. A feature of a pseudo-

band gap is that the impossibility condition for electro-

magnetic waves from a particular spectral region to enter a

crystal or to go out is violated along some direction

(or directions), i.e., the complete photonic band gap is

collapsed along this direction (directions). A `stop band' is

a wavelength range for which propagation along a

particular crystallographic direction is forbidden. For

example, Fig. 1,a demonstrates a stop band at

0.45<oa/(2pc)< 0.54 for the GL direction. Three-dimen-

sional photonic crystals can have a complete band gap, a

pseudo-band gap and always have a number of stop bands.

Two-dimensional (2D) and 1D photonic crystals only have

the stop bands.

Fields of application of photonic crystals can be related

to either the existence of a complete photonic band gap or

some features of dispersion of the available bands.2 For

instance, forbiddenness of propagation of light along unde-

sired directions could solve the problem of the design of

highly efficient light-emitting diodes.13, 14 Creation of arti-

ficial defects in photonic crystals with a complete photonic

band gap offers additional prospects for control of light

flow including fabrication of light guides configured in any

way.15 ± 18 Microcavities in 2D photonic crystals can serve as

a basis for engineering low-threshold lasers.19, 20 Other

variants of creation of sources of stimulated emission

based on photonic crystals can be related to lasing due to

optical feedback owing to Bragg reflection in the region of

photonic band gap, lasing with distributed feedback in a

periodic structure as well as (as applied to opal-like struc-

tures) lasing in a highly scattering medium.21 ± 23 Lasing can

also be favoured by an extended flat portion with a nearly-

zero group velocity at the boundary of the allowed photonic

band.2, 3, 24, 25 These portions can be of considerable impor-

tance for enhancement of various (e.g., magneto-optical,

nonlinear optical, photocatalytic) effects due to the inter-

action of light with matter,3, 5 fabrication of delay lines,

phase shifters and amplifiers. Inoue et al.26, 27 theoretically

and experimentally studied the amplification of magneto-

optical effects in 1D photonic crystals due to light concen-

tration in the magnetic layer. Enhancement of the Kerr

effect was achieved due to generation of the surface plas-

mon-polariton waves in 1D conducting photonic crys-

tals.28, 29 It was also observed for 3D photonic crystals

based on opal with (i) yttrium iron garnet 30 and (ii)

magnetite 31 as well as nickel inverse opals.32 Abnormal

dispersion of opal-like polystyrene photonic crystals was

used for enhancement of the third harmonic generation.33

More recently, photonic crystals of composite materials

based on opals were also used to enhance the second

harmonic generation.34 Abrupt acceleration of photocata-

lytic degradation of a dye inside inverse TiO2 was demon-

strated experimentally.35 Specific features of dispersion laws

also govern the applications of photonic crystals as super-

prisms,36 superlenses 37 and for control of the radiation

pattern of luminescent photonic crystals.38 ± 43
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Figure 1. Energy band structure of a photonic crystal formed by
hollow silica spheres packed in the fcc lattice (a) and an electron
micrograph of the corresponding photonic crystal (b).12
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The first three-dimensional photonic crystal was

obtained and investigated by Yablonovitch et al.44 Cylin-

drical openings were drilled in a dielectric material in such a

manner that a fcc lattice of voids was formed in the bulk of

the material (Fig. 2). According to experimental data, the

structure thus obtained had a complete band gap in the

microwave region. It was emphasized 44 that analogous

structures with submicrometer periodicity can probably be

obtained by ion etching of Si or GaAs, which should lead to

the formation of photonic crystals with a complete photonic

band gap in the visible and near-IR regions. Indeed, such

photonic crystals for the IR region were reported nearly a

decade ago.12, 45, 46 The conditions that should be met to

obtain a complete photonic band gap were established. First

of all, it was found that the symmetry considerations and

degeneration of the allowed bands at the W and U points of

the Brillouin zones prevent fcc crystals composed of colloi-

dal spheres (synthetic opals) from having a complete pho-

tonic band gap at all.47 At the same time, a complete

photonic band gap (between the eighth and ninth allowed

bands) can be opened in the so-called inverse opals whose

structures comprise spheres with a low refractive index n1
(e.g., air voids) distributed within a matrix with a higher

refractive index (n2) provided that the ratio n2/n1 called the

optical contrast of a structure exceeds a value of 2.8.48, 49

Silicon, germanium and some other semiconductor materi-

als are characterized by appropriate n2 values; however,

these materials are opaque in the visible region. According

to calculations,50 a complete photonic band gap in a

diamond-like structure is opened at an optical contrast of

higher than two, but fabrication of such a structure from

rather high-index materials faces significant difficulties.51

As a result, the problem of obtaining photonic crystals with

a complete band gap in the visible region is still to be solved.

To date, a large number of fundamentally different

methods for fabrication of 2D and 3D photonic crystals

with specified dielectric properties and spatial symmetry

have been developed (see reviews 2 ± 6, 13). In most cases, they

can conditionally be treated as lithographic techniques

(including laser printing and interference lithography) or

methods based on self-assembly of monodisperse colloidal

microparticles. Each group of methods has its advantages

and drawbacks. Lithography allows one to synthesize

almost perfect photonic crystals of different structure.

However, a layer-by-layer buildup of a 3D lithographic

structure takes a too long time (only a microscopic photonic

crystal comprising a limited number of layers can be grown

during an admissible period of time). This problem can to

some extent be solved using interference lithography (or

holographic lithography) 52 which is successfully used not

only for the synthesis of simple photonic crystals, but also

structures with artificial defects 53, 54 and more exotic sys-

tems with periodic distribution of absorption centres prom-

ising for fabrication of fast optical switches.55 However, the

method has fundamental limitations on the engineering of

structures with small (submicrometer) periodicity for the

visible region, which is due to the wavelength of the laser

used. At the same time, the methods based on self-assembly

of colloidal microparticles require relatively simple equip-

ment. They have no fundamental limitations on both the

number of samples synthesized at once and their linear

dimensions, and allow one to obtain with ease 3D photonic

crystals with submicrometer periodicity of the structure.

The main drawback of these techniques is unavoidable

formation of structural defects.

III. The synthesis of opals and inverse opals

1. Synthesis of colloidal crystals
Close-packed structures forming by self-assembly of colloi-

dal microparticles are called colloidal crystals or synthetic

opals. Natural opals whose name was taken for the colloidal

crystals also consist of close-packed microparticles (mainly

silica hydrogel SiO2
. xH2O with variable content of water)

150 ± 400 nm in diameter. Different modifications of natu-

ral opals may contain a variety of impurities, viz., Al2O3

(to 9%), Fe2O3 (to 3%), TiO2 (to 5%); sometimes, organic

impurities are present. Natural opals are very brittle 56 and

characterized by a Moos hardness in the range from 5.5 to

6, refractive indices from 1.44 to 1.46 and densities lying

between 1.8 and 2.3 g cm73. Opals became widely known

due to iridescence, an unusual trick of the light due to

diffraction of light on the periodic structure formed by

spherical microparticles.57

Synthetic opals based on SiO2 microspheres are the

closest to natural opals. They were for the first time

obtained in the 1960s.58 Synthetic opals are much like

natural ones and characterized by a density of

2.03 g cm73, a refractive index of 1.44 and a Moos hardness

of 4.5 (a somewhat lower value compared to natural opal).

Synthetic opals were produced in the Soviet Union.59 At

present, they are grown in a few private companies in the

Russian Federation, the USA, China and some other

countries. In addition, various materials demonstrating a

trick of the light characteristic of opals (e.g., `opals'

obtained according to Slocum and representing pieces of

glass with microscopic inhomogeneities and air bubbles) are

now available on the jewelry market.

Fabrication of synthetic opals involves some stages.59

First, the StoÈ ber method 60 is used to synthesize a suspen-

sion of monodisperse amorphous SiO2 spherical particles

with average diameters in the range 200 ± 800 nm. The

method is essentially a hydrolysis of tetraethoxysilane

Si(OEt)4 (TEOS) in aqueous alcohol in the presence of

ammonia as catalyst. The sizes of microparticles formed

358
358 358

1208 1208

Figure 2. Fabrication of photonic crystals by drilling an ordered
array of openings in a dielectric material: a schematic.44
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depend on the concentrations of all components of the

reaction mixture (TEOS, water, ammonia). The syntheses

of monodisperse particles based on SiO2 and polystyrene

were considered in Refs 61 ± 66 and in Refs 67 ± 71, respec-

tively.

Next, an aqueous suspension of SiO2 microspheres is

allowed to stay in a trough for a long time. Under the action

of gravitational force, sedimentation occurs and particles

form a periodic structure of hexagonally close-packed

layers. The sediment is dried and then sintered at high

temperature (usually, at least at 800 8C) to make the sample

more dense and harder. Colloidal crystals based on poly-

meric microparticles can be obtained analogously; such

samples are annealed at a much lower temperature (Fig. 3).

Sedimentation of colloidal particles simulates the natu-

ral mechanism of formation of natural opal; therefore, it

has long been studied.56, 59 Long-term settling of suspension

of colloidal particles is accompanied by their separation

according to the particle size; this allows one to obtain well-

ordered samples of synthetic opals even if the microparticles

have a broad size distribution. Phase separation of suspen-

sions in gravitational field can also be used for preliminary

separation of colloidal particles to improve their size dis-

tribution and the quality of deposited crystals.72 Note that

an ordered structure can be obtained if only the relative

standard deviation of the microsphere diameters from the

average value is at most 5%.73

Sedimentation is a very slow process which usually takes

a few weeks or even months, especially, if microparticles are

at most 300 nm in diameter. It can be considerably accel-

erated by centrifugation of suspensions; however, colloidal

crystals thus obtained are characterized by poorer ordering

because at high precipitation rate, the particles have no time

to be separated according to their sizes. Also, the quality of

colloidal crystals is strongly affected by the centrifugation

rate.74 For instance, a study of precipitation of SiO2 micro-

particles 375 ± 480 nm in diameter showed that the best

results (the most ordered colloidal crystals) were obtained

at a centrifugation rate of 4000 rpm; the samples obtained

at centrifugation rates of 3000 and 5000 rpm were much less

ordered.

The sedimentation technique faces some difficulties.75 If

the average size of SiO2 microspheres is at most 300 nm,

almost no sedimentation occurs because the energy of

Brownian motion of the microspheres becomes comparable

with their energy in gravitational field. Large SiO2 micro-

spheres (more than 550 nm in diameter) precipitate too

rapidly and therefore do not form ordered structures. To

accelerate sedimentation of small particles and to decrease

the sedimentation rate of large particles, electrophoresis was

used.75 Since SiO2 microspheres in aqueous suspension are

negatively charged (their surface is covered with hydroxyl

groups), an electric field applied to the suspension

`increased' or `decreased' the gravitational force acting on

the particles depending on the direction in which it was

applied. Sedimentation of SiO2 microspheres 870 nm in

diameter led to formation of a colloidal crystal with a

completely disordered structure. In turn, the use of electro-

phoresis allowed one to reduce the deposition rate of the

particles and thus to obtain a well-ordered material. Precip-

itation of SiO2 microspheres 205 nm in diameter was

accompanied by electrophoresis which, on the contrary,

was used to increase the precipitation rate (from

0.09 mm h71 for sedimentation to 0.35 mm h71).

Yet another method of ordering colloidal particles is

deposition on membranes. For instance, polymeric colloidal

crystals were obtained by filtering a suspension containing

latex microspheres through a polymeric membrane with

nearly 100-nm pores which trapped the microspheres but

let the solvent to go through.76, 77

Recently, the so-called vertical deposition method has

been most widely used. It includes ordering of colloidal

spheres on a vertical substrate under the action of capillary

forces.78 ± 82 As a result, `crystallization' of submicrometer-

size particles at the meniscus separating the substrate and

colloidal suspension upon evaporation of the solvent leads

to formation of a film of the colloidal crystal with high-

quality structure and allows one to rapidly obtain highly

ordered, uniformly oriented colloidal crystals with con-

trolled thickness.78 Numerous attempts to improve the

method were reported. For instance, it was shown 83 that

the use of a temperature gradient provides successful

vertical deposition of heavy, large SiO2 microspheres more

than 400 nm in diameter. The method of isothermal evap-

oration with controlled convective flows 84 allows one to

obtain high-quality samples. The method of vertical depo-

sition in an external electric field proved itself in the growth

of opal films on conducting substrates.85 Many research

groups studied the dependence of the quality of the struc-

ture on the experimental conditions, viz., temperature,86, 87

humidity,87, 88 concentration of colloidal solution,88, 89 tilt

angle of the dipped substrate during the growth,90 the

nature of solvent,91 the pH value and ionic strength,92 etc.

However, the results obtained in many cases cast some

doubt 86 and are contradictory.87, 88

A fast and simple method of obtaining colloidal crystals

involves ordering of polystyrene microspheres on the water

surface only on heating of the suspension to 90 8C.93

Experiments were carried out with microspheres 240 nm in

diameter that formed an aqueous suspension stable over a

period of a few months. However, heating causes evapora-

tion of the solvent and the speed of Brownian motion of the

microspheres considerably increases. Consequently, the

concentration of microspheres in the near-surface layer of

the suspension increases. The formation of ordered films of

10 mm

(111)

(�100)
(�100)

(�100)

(111)

(�110)

(11�1)

Figure 3. Electron micrograph of a colloidal crystal based on
polystyrene microparticles obtained by sedimentation.
Shown are the crystallographic planes characteristic of the fcc
structure.
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microspheres on the surface of the solvent is favoured by a

small density difference between polystyrene (1.04 g cm73)

and water (1 g cm73). Further experiments revealed no

formation of ordered structures on the surface of the

suspension on heating if methanol having a much lower

density (0.79 g cm73) was used as solvent instead of water.

In spin-coating technique a few drops of a suspension of

polystyrene microspheres were placed at the centre of a

substrate rapidly rotating in the horizontal plane.94 Under

the action of centrifugal force the suspension uniformly

spread over the substrate surface. The process was con-

ducted until the formation of suspension with the desired

thickness. By varying the concentration of microspheres

and the rotation rate one can control the thickness of the

crystals.

An interesting method of ordering microspheres

between two parallel plates separated by a distance of the

order of a few micrometers was proposed.95 ± 97 The gap

between the plates was sealed from three sides. The fourth

side was patterned using small openings whose diameter was

somewhat smaller than that of colloidal microspheres to be

used. A suspension of microspheres was injected between

the plates; the microspheres moved with a continuous flow

of nitrogen. The openings let the fluid to go through but

trapped the microspheres. The method allows one to fab-

ricate highly ordered microsphere arrays but is of limited

use because of the complexity of practical implementation

and limited thickness of the final samples.

Mention may also be made of lifting of the substrate

from suspension of microspheres, the Langmuir ± Blodgett

method, deposition of microspheres on a textured substrate

and some other reviewed methods.2 ± 5 Yet another quite

promising technique involves ordering of colloidal micro-

particles in a solution of photosensitive resin.98 ± 101 In this

case, the direction of crystallization is also controlled using

a narrow gap that creates geometric limitations between the

substrates. Subsequent polymerization of the photoresist

after exposure allows one to obtain hard photonic crystal-

line materials. Their distinctive feature consists in a non-

close packing of microspheres. Owing to high quality and

low optical contrast the structures obtained by this method

can have rather narrow stop bands and be used for

engineering low-threshold lasers 100 and photonic crystalline

devices that act as spectrometers.101 In this case, micro-

spheres are ordered simultaneously in the bulk rather than

in layer-by-layer fashion; therefore, the formation of struc-

tural defects should proceed in different manner compared

to other methods.

2. Template methods of synthesis of inverse opals
Colloidal crystals are often used as templates for the syn-

thesis of inverse structures from various materials.73, 102

This approach is attractive owing to its versatility because

it allows one to synthesize photonic crystals based on

metals,32, 77, 103 ± 114 nonmetals,83, 115 ± 119 oxi-

des,25, 42, 62, 74, 76, 105, 120 ± 149 semiconductors,12, 119, 150 ± 157

polymers,95, 127, 158 ± 161 etc. Although each synthesis has its

specific features, there are some common stages character-

istic of template synthesis that depend on the chemical

nature of the final product (Fig. 4).73

The first stage involves the synthesis of a colloidal

crystal. Next, this crystal acts as a template which is wetted

with a fluid that is transformed to a hard cage under the

action of various physicochemical factors. Voids in the

template structure are filled using chemical vapour deposi-

tion (CVD), electrochemical deposition, introduction of

melt, etc. Specific features of chemical reactions in pores

of opal templates have been documented.162, 163 Finally,

colloidal template spheres are removed by dissolution or

thermal decomposition (in the case of polymeric micro-

spheres). The structures thus obtained are often called

inverse opals. Clearly, the microspheres used to form the

template should be wetted by precursors and readily

removed under conditions in which the inverse structure

retains its stability.73

Considerable attention is paid to the synthesis of inverse

opals from high-index compounds. For instance, a structure

comprised of thin hollow silica spheres with a complete

photonic band gap at about 1.46 mm (see Fig. 1) was

successfully obtained using an opal template and the CVD

method.12 Among compounds transparent in the visible

region, rutile (TiO2) seems to be attractive. The compound

has an anisotropic refractive index higher than a value of

2.9 for one direction of polarization. In principle, this is

sufficient to open a complete or almost complete photonic

band gap in the inverse opal.

Inverse opals based on titania were for the first time

synthesized independently by researchers from the Nether-

lands 120 and the USA 121 using polystyrene colloidal crys-

tals as templates; structural voids were filled with a titanium

alkoxide [e.g., Ti(OEt)4]. Owing to high reactivity of

Ti(OEt)4 (hydrolysis resulting in hydrated amorphous tita-

nia takes a few minutes in air) this procedure was carried

out in a dry box in inert (nitrogen or argon) atmosphere.

Once the sample was removed from the box, titania in the

template voids was formed as a result of the reaction of

titanium alkoxide with atmospheric moisture. Wetting of

the colloidal crystal with the liquid precursor and subse-

quent hydrolysis can be repeated numerously until complete

filling of the template voids with titania. In the last stage,

colloidal microspheres were removed from the structure by

thermal decomposition or dissolution in the corresponding

solvent (e.g., toluene).

It should be noted that researchers from the USA 121

positioned porous titania they have synthesized as a prom-

ising material for catalysis, sorption and separation of

organic substances, while the aim of researchers from the

Netherlands 120 was to synthesize a material with unique

photonic properties. A study 120 of the reflection of an

inverse opal based on TiO2 along the h111i direction

predicted the possibility of existence of a complete photonic

band gap. Despite the lack of experimental proof of this

assumption, inverse opals based on TiO2 have long been

considered as the most promising materials for photonics

(see, e.g., Refs 62, 122, 124, 128 ± 134, 141) and Ref. 120 has

First step Second step Third step

Synthesis of

template

Removal of

template

Filling voids with

precursor

Figure 4. Template synthesis of inverse opals: a scheme.
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been among the most widely cited publications in this field.

More recently, colloidal crystals from not only polymeric,

but also silica microspheres were used as templates. In the

latter case, the template material is removed by dissolution

of amorphous SiO2 in concentrated aqueous alkali on

heating.131, 132

In spite of apparent simplicity of the method and

uniqueness of the optical properties of rutile, obtaining a

macroscopic inverse opal suitable for characterization of its

physical properties faces severe difficulties. This is to a great

extent due to the fact that annealing is accompanied by

dehydration and sintering of amorphous titania; as a result,

the lattice constant of the inverse opal decreases while the

samples undergo intense cracking.120, 121, 128 Moreover, the

early stage of annealing of amorphous titania is accompa-

nied by crystallization of anatase having a lower refractive

index while subsequent recrystallization to rutile also leads

to breakdown of the ordered structure of the inverse opal.

A year after publication of the first studies on the

synthesis of photonic crystals based on TiO2 a new method

was proposed, which allows one to obtain rather large

samples (to 1 cm in size). The method uses presynthesized

nanoparticles of the desired TiO2 polymorph rather than

the liquid precursor of titania. Different versions of the

method involve multiple wetting of the colloidal crystal with

a suspension of nanoparticles 131 or co-deposition of

colloidal microspheres and TiO2 nanoparticles (during self-

organization of large microspheres into a 3-D matrix,

nanoparticles occupy its voids) with subsequent removal of

microspheres.123, 124 The advantage of this approach con-

sists in minimization of undesired cracking of photonic

crystals on heat treatment, which significantly improves

the quality of samples.

It should be noted that even the authors of the most

successful studies on the synthesis of inverse TiO2 opals

including the authors of recent publications 146, 147 did not

observe a complete photonic band gap, in particular,

because of insufficient quality of samples. Therefore, main

efforts of researchers were aimed at obtaining photonic

crystals based on materials that exhibited certain useful

functional properties rather than high-index materials.

A number of studies were devoted to the synthesis of

inverse opals based on AIIBVI semiconductors. In partic-

ular, CdS and CdSe are characterized by rather high

refractive indices (2.5 at 600 nm and 2.75 at 750 nm,

respectively), being optically transparent in the visible and

near-IR regions, and have valuable luminescent properties.

In particular, SiO2 synthetic opals were dipped into a

suspension of CdSe quantum dots in decane.152 Since the

size of the cross-section of the narrowest channels in the

opal structure is two orders of magnitude larger than the

sizes of semiconductor nanoparticles, the latter penetrated

with ease into all structural voids of the template. Subse-

quent evaporation of the solvent and etching of SiO2 with

dilute hydrofluoric acid led to formation of inverse opals

based on CdSe. Attempts to synthesize porous media based

on the semiconductors CdS and InP were also undertaken in

the early studies (see, e.g., Refs 1, 164 and 165); however,

voids in the template structure were filled only partially.152

Yet another approach to the inverse opals based on

AIIBVI semiconductors is electrochemical deposition. It was

used to obtain photonic crystals based on the semiconduc-

tors CdS and CdSe with polystyrene colloidal crystals as

templates.151

Semiconductors AIIIBV (e.g., GaP, GaN and solid sol-

utions based on them) are also rather promising materials

for the synthesis of inverse photonic crystals.155, 156 These

semiconductors are transparent in the visible region and

have high refractive indices. In addition, they exhibit

luminescent properties which are widely used in modern

semiconductor optoelectronics. Inverse opals based on

GaP, GaN and GaPxN17x are promising for investigations

of the effect of photonic band gap on spontaneous emission

of light. The semiconductors GaP, GaN and GaPxN17x can

be synthesized directly in pores of the SiO2 opals. Initially,

pores are filled with gallium oxide (Ga2O3) using aqueous

solutions of gallium salts as precursors. Next, the samples

are annealed in ammonia or phosphorus hydride atmos-

phere. The template matrix is removed by etching silica

spheres with a 10% solution of hydrofluoric acid.

Of particular interest are metallic inverse opals which,

on the one hand, have high conductivity and, on the other

hand, exhibit unusual optical properties due to the specific

photonic band structure of metallic photonic crys-

tals.166 ± 169 Using such metals as Fe, Ni, Co, one can obtain

magnetic inverse opals promising for magnetooptics.

Clearly, electrochemical deposition is the simplest method

for filling structural voids in the colloidal crystal with

metals. In particular, it was used to obtain inverse opals

based on Ni, Au, Pt, Pd and Co.109, 110, 113, 114 Note that

electrochemical deposition is also suitable for obtaining

inverse opals based on some nonmetallic compounds

(V2O5,145 CdS, CdSe,151, 170 ZnO 171, 172). At the same time,

in the synthesis of metallic photonic crystals internal voids

of the colloidal crystal can be filled with metallic nano-

particles similarly to the synthesis of inverse opals based on

TiO2 and CdSe. This method was used to synthesize 111

inverse opals based on gold using gold colloidal nano-

particles 15 ± 25 nm in size.

Inverse opals based on electrochromic materials, in

particular, the oxides WO3 , V2O5 and VO2 , can control-

lably change their colours and refractive indices depending

on the applied voltage. Therefore, they are promising for

fabrication of optical switches. It should be noted that WO3

has cathodic electrochromism, VO2 exhibits anodic electro-

chromism while V2O5 demonstrates either cathodic or

anodic electrochromism depending on the spectral region.

A method for synthesis of inverse opals based on WO3 is

as follows.135, 136 First, the template matrices are synthe-

sized. These are colloidal crystals based on monodisperse

submicrometer-size polystyrene spheres. Next, a tungsten

oxide precursor is prepared. To this end, metallic tungsten is

dissolved in a mixture of 30% hydrogen peroxide and acetic

acid and the solution is filtered and evaporated to dryness.

The reaction of the powder thus obtained with ethanol

results in a WO3-based sol which is used to fill pores in the

template matrix. In the final step, the template is repeatedly

dipped in this solution (the tungsten oxide sol is rapidly

aged in air) and then the sample is annealed at 460 8C for

1 h to remove the polystyrene template.

Inverse opals based on vanadium oxides are also synthe-

sized by the template method using, e.g., synthetic opals

based on monodisperse silica spheres as templates.137, 138

Pores in the opal matrices were filled with a vanadyl nitrate

solution and then the oxide V2O5 obtained by thermal

decomposition was reduced to VO2 by high-temperature

annealing in vacuum. The SiO2 template was removed by

dissolution in hydrofluoric acid. More recently, an inverse
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opal was also synthesized from V2O5 using electrochemical

deposition.145

Noteworthy is a study 115 on the synthesis of inverse

opals based on carbon. Voids in the structure of the

synthetic opal were filled with carbon and the SiO2 micro-

spheres were removed by dissolution in hydrofluoric acid.

Structural voids in the opal were filled using two methods,

(i) CVD and (ii) impregnation with phenol ± formaldehyde

resin followed by pyrolysis at 1000 8C. In some cases,

diamond nanoparticles 2 ± 5 nm in size were introduced

into the structure of the synthetic opal; they acted as seeds

for the growth of diamonds. Treatment of the composite

with methane ± hydrogen plasma and subsequent removal of

the SiO2 microspheres by dissolution in HF led to inverse

opals based on diamond.

The authors of study 115 seem to be the first who pointed

that inverse opals themselves can act as templates for the

synthesis of opal-type photonic crystals based on metals,

semiconductors and superconductors. In this case, one can

obtain materials with unique combinations of optical,

electrical and magnetic properties. Inverse opals were used

as templates in more recent studies.105, 127 In particular,

approaches using silica and polymers as templates were

combined.127 First, a synthetic opal based on SiO2 micro-

spheres was impregnated with a liquid monomer. As struc-

tural voids in the template were filled, the monomer

polymerized as a result of chemical and photochemical

reactions. Subsequent dissolution of SiO2 in dilute hydro-

fluoric acid led to the formation of a polymeric inverse opal.

Then, voids in the polymer structure were filled with various

substances using methods analogous to those described

above.120, 121 The final stage involved thermal decomposi-

tion of the polymer which resulted in opal-type photonic

crystals based on metals (Au and Ni) and various inorganic

compounds (TiO2 , ZrO2 , Al2O3 , CdS and AgCl).

Opal-type photonic crystals based on gold were synthe-

sized in a somewhat different manner.105 In the first step, a

synthetic opal based on SiO2 microspheres was placed on a

gold substrate and then voids in the template structure were

filled with metallic nickel by the electrochemical method.

Then, SiO2 microspheres were dissolved in 2% solution of

hydrofluoric acid. In the second step, the nickel inverse opal

was annealed at 550 8C in air. As a result, nickel was

oxidized to NiO. Finally, voids in the porous structure

based on nickel oxide were filled with metallic gold using

electrochemical method and subsequently NiO was dis-

solved in boiling dilute sulfuric acid.

As mentioned above, a key advantage of the template

method is its versatility. The approach is common to many

classes of compounds and can be used to obtain porous

structures based on SiO2, Sb4O6, WO3 , ZrO2(Y2O3), NiO,

Co3O4, Mn2O3, MgO, CaCO3, ZnO, Fe2O3 and

Cr2O3.122, 125 In some cases, alkoxides as precursors of

metal oxides were replaced by the corresponding oxalates

which decomposed in vacuo in the temperature range

240 ± 420 8C. In this situation, the following products can

be formed depending on the ionic radius of the metal and its

oxygen affinity:

a metal carbonate

MC2O4 MCO3+CO: ,

where M=Ca, Sr or Ba;

a metal oxide

MC2O4 MO+CO2:+CO: ,

where M=Mg, Mn, Zn, Fe or Sn; or

a metal

MC2O4 M+2CO2: ,

where M=Co, Ni, Cu or Pb.

Note that the products of the last two reactions can

undergo oxidation in air in the specified temperature

interval.122, 125

In this Section, some (but by no means all) of com-

pounds suitable for the synthesis of inverse opals are

considered. Figure 5 presents the electron micrographs of

some inverse opals described in Ref. 144. However, despite

the variety of the inverse structures obtained by the tem-

plate methods, they have some common features. In all

cases, one deals with inversion of the template matrix;

therefore, the inverse opal inherits many properties from

the initial colloidal crystal. In particular, the optical proper-

ties of an inverse opal are determined by the lattice constant

and by the crystallographic orientation of the template

matrix. Real colloidal crystals and inverse opals also have

many common structural features. It is structural imperfec-

tion of the template matrix that to a great extent determines

the defectiveness of inverse opals, although the inversion

procedure (filling of voids in colloidal crystal, heat treat-

ment) leads to additional violation of the structural perio-

dicity.

IV. Structural features of opals and inverse opals {

In the synthesis of opals, colloidal microspheres are self-

organized into close-packed stackings 78, 173 composed of

closest-packed hexagonal layers of spheres. Each layer can

occupy one of three possible spatial positions, namely, A, B

2 mm 5 mm

3 mm 2 mm

a

c

b

d

Figure 5. Electron micrographs of inverse opals based on Fe2O3

(a), TiO2 (b), SiO2 (c) and TiO2 (cleavage) (d ).144

Insets: the Fourier transforms of the micrographs.

{The real structure of synthetic opals and inverse opals will mainly be

described taking samples obtained by the most widely used methods

(sedimentation and vertical deposition) and the inverse structures based

on them as examples.
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(shifted from position A by a1/3+2a2/3) or C (shifted from

position A by 2a1/3+a2/3), where a1 and a2 are the trans-

lation vectors of the hexagonal lattice in the layer (Fig. 6).

The ABABAB stacking gives a hexagonal closest packing

(hcp), whereas the ABCABC or ACBACB stacking corre-

sponds to a fcc structure. The only necessary condition for

the closest packing is that the neighbouring layers N and

N+1 be shifted relative to each other (have different spatial

positions). Thus, a crystal based on microspheres can

consist of arbitrarily alternating close-packed layers. If a is

the probability for the layers N and N+2 to occupy differ-

ent positions, the case a=1 will correspond to the fcc

structure, a=0 corresponds to the hcp structure, and

a=1/2 corresponds to the random hexagonal close packing

(rhcp) with random alternation of hexagonal layers in

stacks.

It is believed that the main reason for ordering of

spherical microparticles in the self-assembly of a colloidal

crystal is an increase in the entropy of the system.174, 175

Clearly, the configurational entropy decreases on ordering;

however, an increase in the entropy related to the free

volume per particle is more significant. The model of solid

noninteracting microspheres predicts that ordering into the

fcc structure leads to a somewhat higher free energy gain

compared to the ordering into the hcp structure.176 The

difference between them is rather small; therefore, synthetic

opals contain not only the fcc-like structural fragments,177

but also stacking faults due to violated stacking

sequence.178 Synthetic opals also contain many other types

of defects known for atomic crystals, such as small-angle

interblock boundaries, linear defects (e.g., dislocations) and

various point defects (vacancies, bivacancies, interstitials;

some of them occur with a probability of 1 defect per

50 ± 100 unit cells).72, 178

These defects are typical of most opals and inverse

opals. However, there are also structural features character-

istic of particular methods of synthesis. For instance,

considering sedimentation, the sample is usually divided

into a variety of misoriented microscopic domains sepa-

rated by disordered regions.72, 179 This is due to the fact that

in the deposition of colloidal particles, each domain grows

from its own seed independently. Clearly, research and

practical use of such opals requires selection of monodo-

main regions, which is sometimes difficult.

At the same time, films of colloidal crystals obtained by

the method of vertical deposition under appropriate con-

ditions are characterized by much higher quality of the

structure compared to sedimentation opals.83 As a rule, they

have hexagonally packed layers parallel to the substrate

surface (Fig. 7). Although the films consist of domains

separated by cracks, all domains have the same orienta-

tion82, 182, 183 and there are almost no disordered regions.

Most probably, separation into domains occurs after depo-

sition due to shrinkage on drying. Also, domains whose size

can reach a value of 1 mm hold their initial orientation

related to the direction of the motion of the meniscus.89 The

advantage of this method is that colloidal crystals are much

more prone to form regular fcc structures. The reason for

this is still unclear. As mentioned above, in the model of

solid noninteracting microspheres, the free energy differ-

ence between the fcc and hcp structures is so small that

determination of the energy minimum requires long-term

crystallization.173 In the case of vertical deposition, the

crystallization front moves rapidly; therefore, the reason

for preferred formation of the fcc structure is probably

related to the kinetic features of the process. In this

connection, it was assumed 184 that the formation of the

fcc packing is due to some features of passage of the solvent

flow through the growing structure. However, this was not

confirmed experimentally.185

Observations 185 as well as model experiments showed

that the first three layers in the crystallization front mainly

have the ABA rather than ABC stacking sequence, as should

be in the growth of the fcc structure. However, the proba-

bility of the fcc ordering increases with the distance from the

substrate. Interestingly, seeding each new layer is accom-

panied by the appearance of a narrow area with the

symmetry of a square parallel to the growth front on the

film surface. It is believed that the regions with a transient

A A

AA

A A
B

C

Figure 6. Relative arrangement of close-packed layers of beads:
positions A, B and C.

10 mm

a

b

2 mm

Figure 7. Electron micrographs of the surface of opal-like film
grown from polystyrene microspheres 655 nm in diameter.180

(a) Inset: Fourier transform of the micrograph indicating a highly
ordered structure;
(b) clearly seen structural defects characteristic of the opal film,
namely, vacancies and extended defects in the form of zigzag lines
on the surface; the latter can be due to tilted double stacking
faults.181
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structure forming in the seeding of each new layer are of

fundamental importance for the mechanism of formation of

the fcc packing of films. The results of modeling of a

transition from the two- to three-layer structure also con-

firmed the formation of a square region in the transition

region.185 At the same time, if the film can be considered

thick, the reason for the formation of a square transient

region upon addition of one more new layer is still to be

clarified. It was assumed 186 that the new layer is formed at

the interface with the substrate rather than on the film

surface and the existing layers are seemingly stretched on

the terrace thus formed. Probably, the formation of the

square structure is due to the accompanying deformations.

In spite of relatively high quality of films obtained by

the method of vertical deposition, they often contain stack-

ing faults. Regions with different stacking sequences (so-

called twins) are often spatially separated. This is the reason

for the appearance of a characteristic strips.187 Dark and

light strips are observed in the transmission geometry

(detection normal to the surface) at nonzero angle of

incidence. As the angle of incidence changes its sign, the

dark and light strips interchange. At normal incidence, a

uniform pattern is observed. The appearance of strips is due

to the fact that they correspond to twins in the fcc structure

with different stacking sequences (ABC and ACB).

As mentioned above, inverse opals inherit defects from

the initial template. In addition, additional more or less

pronounced cracking and separation into domains occur in

inverse opals depending on the method of inversion, degree

of filling of voids in the template and the sintering temper-

ature.188 In turn, the domain structure can also undergo

deformations, be misoriented relative to the template and

contain a large number of additional defects (vacancy

complexes and microcracks). Since the higher the solubility

of the precursor salt the higher the degree of filling of voids

in the template, the quality of the structure of inverse opals

correlates with the solubility of the precursor salts. For

instance, if the precursor is a solution of zinc nitrate in

aqueous ethanol, one can obtain good-quality inverse ZnO

films with a low degree of cracking.143 The solubility of zinc

nitrate is two times higher than that of aluminium nitrate;

consequently, inverse Al2O3 films obtained using aluminium

nitrate have a small-size island structure. These structural

defects do not appear in the case of electrochemical depo-

sition. Inverse metallic films obtained by electrochemical

deposition are at least competitive in quality with the

corresponding templates. The advantages of this method

also include the possibility to control the film thickness by

measuring the electric charge transferred in the course of

deposition.189

Many researchers noted that structural imperfection of

colloidal crystals has a negative effect on their photonic

band structure and optical properties,5, 186 being the main

difficulty for practical use. In particular, the band structure

is strongly influenced by the stacking faults.178, 190 Mean-

while, the spectral position of the first photonic stop band

at the L point of the Brillouin zone is independent of the

stacking sequence and therefore it is relatively insensitive to

this type of defects. The behaviour of the stop bands along

the GL direction was modeled 190 and small differences

between their patterns for all close-packed structures were

reported. At the same time, stacking faults lead to uncon-

trolled appearance of allowed modes in the higher-order

stop bands.

The size dispersion of colloidal particles may have even

more pronounced effect. It was established that an increase

in the particle size dispersion leads to increase in the number

of all types of point and linear defects.191 But what is most

important, due to size dispersion all microspheres, even in

the structurally perfect regions, are shifted from ideal

crystallographic positions, thus producing light scattering.

This seems to be the main reason for small free path length

of photons in the opal structures (about 15 mm),192 which

influences all properties of opals and inverse opals related to

their photonic band spectrum. This problem was investi-

gated experimentally.193, 194 Changes in the structural and

optical properties of opal films on doping with micro-

spheres of `incorrect' size were studied. An increase in the

concentration of `alien' microspheres led to violation of

long-range order and significant deterioration of the optical

properties related to the first photonic stop band. This

problem was also touched in the studies 42, 43 on the radia-

tion patterns of the opal and inverse opal thin films

containing luminescent complexes. According to calcula-

tions of the spatial distribution of the density of optical

states, the intensity of radiation emitted from the samples

with perfect structures should abruptly change depending

on the direction, namely, be suppressed along the directions

of the stop bands and enhanced along the directions with

high density of optical states. However, the radiation

patterns appeared to be highly smoothed. It is believed 43

that the differences between the results of calculations and

experimental data are due to the diameter dispersion of

spheres. Because of this, different emission centres are in

different local environment and have different radiation

patterns which are then averaged over the ensemble of

such centres.

One more aspect of investigations of the structure of

opals based on SiO2 microspheres is related to its fractal-

ity:195 ± 197 large SiO2 microspheres about 1000 nm in diam-

eter are comprised of the second-order globules about

100 nm in diameter, which in turn are composed of smaller

(third-order) nanoglobules. The spheres have relatively

loose cores and hard shells formed on sintering.198, 199

These features affect the properties of opals as photonic

crystals. In particular, in a model medium with homoge-

neous spherical microspheres, the periodic structure and the

Bragg diffraction will disappear if voids are filled with a

liquid having the same refractive index as that of the

microspheres. However, in a real opal with inhomogeneous

microparticles the Bragg diffraction can in principle not

disappear simultaneously along all directions. Different

stop bands disappear in opals at different refractive index

of the filler.198 ± 201 By varying this coefficient one can

selectively `switch off' particular stop bands. Note that in

sintering of opals, neighbouring microparticles become

linked and their shapes thus differ from spherical shape.

This should sometimes be taken into account in calculations

of the photonic band spectrum.

V.Methods of investigation of structural defects in
opals and inverse opals

1. Microscopy and optical spectroscopy
The results of scanning electron microscopy (SEM) and

atomic force microscopy (AFM) studies only allow one to

assess the ordering of the top layer of microspheres in the

case of colloidal crystal and a few layers of air voids in the
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case of an inverse opal. A SEM study 78 established that the

dense top layer of microspheres in colloidal crystal films

obtained by the vertical deposition method is ordered on the

length scale of a few millimeters and that domains in the

opal structure are characterized by small misorientation.

However, we do not know what is the stacking sequence in

the interior of the films. The study of the cleavage of a

crystal is often difficult owing to breakdown of the struc-

ture; in addition, there is no warranty that the stacking

pattern observed at the cleavage extends to the entire crystal

(or its large part). Electron microscopy studies are addi-

tionally complicated by the need to coat non-conducting

samples (most samples indeed) with a conducting layer,

which makes them inappropriate for the optical experi-

ments. In addition, the structure of the sample can be

influenced by the micrography conditions.

Yet another method of investigation of the structure of

colloidal crystals is confocal microscopy.202, 203 It requires a

specific sample preparation procedure, viz., scattering

should be minimized by decreasing the refractive index to

the maximum possible extent and luminescent labels should

be introduced to obtain the image. By successively focussing

the microscope on different layers and comparing the

images one can obtain information on sample structure.

Defects first of all affect the optical properties; there-

fore, it seems logical to use the optical properties for the

determination of the quality of the structure. The defective-

ness of a sample can be characterized by modeling diffusion

scattering through absorption, i.e., by treating the effective

refractive index as a complex parameter whose imaginary

part increases with the number of defects in the sam-

ple.204 ± 206 Clearly, this approach gives only a qualitative

idea of the defectiveness and provides no knowledge of

which defects play the role of scattering centres.

The optical properties of a sample are best characterized

by the transmission and reflectance spectra obtained for

different crystallographic directions. The energy band struc-

ture of sedimentation opals along the Lg7Kg7L7P,

Lg7Wg7K and P7K directions of the Brillouin zone was

measured experimentally.207 The subscript `g' denotes that

the specified point of the Brillouin zone belongs to the face

that is parallel to the close-packed (111) growth planes. By

and large, the results of measurements confirmed a twin fcc

structure of the opal. In particular, it was found that

minimum in the transmission spectrum corresponds to the

L point of the Brillouin zone is weaker and broader than the

minimum corresponding to the Lg point; this can be

explained by a larger number of stacking faults along the

directions differing from the growth axis.

Recently, quick methods of structure determination of

colloidal crystals based on analysis of their optical images

have been developed. Optical micrographs allow one to

visually distinguish between the ABA and ABC three-layer

stacks. Namely, if the particle size is rather large, high-order

bands appear in the visible region (the behaviour of these

bands is influenced by the stacking pattern to the greatest

extent).208 ± 210 For this reason, the absorption by the ABA

and ABC stacks is different and they differ in colour. A

similar analysis can also be performed for the four- and

five-layer samples; however, analysis is strongly compli-

cated with an increase in the number of layers (N ) because

the number of possible closest stacks increases as 2N72. In

addition, under particular photomicrography conditions (at

very narrow aperture), one can distinguish between differ-

ently coloured point defects, grain boundaries and disloca-

tions in the optical micrographs.

2. Features of diffraction from opal type structures
A reflection appears if the Ewald sphere in the reciprocal

space simultaneously passes through two nodes of the

reciprocal lattice.211 By analyzing the diffraction patterns

at different positions of the Ewald sphere (i.e., at different

angles of light propagation in the crystal) one can construct

a reciprocal lattice of the sample under study and then

reconstruct the structure in the direct space. Diffraction

experiments involve measurements of the intensity of radi-

ation, which in the simplest case of structures composed of

the same particles is equal to the product of the structural

factor (characterizing the reciprocal lattice) by the form

factor (characterizing the unit scattering element).211 The

structural factors of the fcc and hcp lattices are well known.

In particular, for the fcc packing, all allowed diffraction

reflections are characterized by the same structural factor

and the diffraction intensity is determined by the form

factor (F ) which can cause some reflections to weaken

considerably. In the small optical contrast approximation,

the form factor of a uniform spherical particle is given by 212

F =
9�sin�kR� ÿ kR cos�kR��2

�kR�6 ,

where k is the wave number and R is the radius of the

sphere. This relation works well in the case of X-ray

diffraction. For diffraction of visible light, there may be

the need for more complex calculations using the Mie

theory 213 which takes into account the real value of the

refractive index of the material of the scattering sphere.

In the case of defect structures, the description of the

reciprocal space is more complicated. The theory of dif-

fraction from structures with stacking faults was initially

developed for conventional crystals (Wilson's theory).212, 214

Model calculations of the structural factor at different

values of the parameter a (stacking probability, see Sec-

tion IV) were also reported for colloidal crystals.215 If the

structure represents an array of identical layers stacked in

some way, the structural factor of this system can be

represented by the product of the structural factor of an

individual layer and a factor which contains information on

the stacking sequence.

The reciprocal lattice of an individual close-packed layer

of spherical microparticles represents a hexagonal system of

(hk) rods separated by a distance of 4p/(31/2a), where a is the

diameter of the sphere. The sites of the reciprocal lattices of

the fcc and hcp structures also lie on these rods. If the Miller

index difference (h7k) is not a multiple of three, the

structural factor of any defect packing differs from zero at

all points of the rod. Extended objects appearing in this case

in the reciprocal space are known as Bragg rods.215, 216 If

the difference (h7k) is a multiple of three, the structural

factor is independent of the stacking sequence. For any a
value, the structural factor along these rods represents a set

of d-peaks (so-called Bragg points).215

3. Microradian X-ray diffraction
As mentioned above, microscopy studies of the structure in

the bulk of samples face severe difficulties. For instance,

what are thin extended defects that appear as lines on the

surface of colloidal crystal film (see Fig. 7)? Are these
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interblock boundaries, dislocations, tilted stacking faults, or

something else? What is the preferred structure in the

sample, namely, fcc, hcp or rhcp? Answers to these ques-

tions may be obtained by diffraction methods of investiga-

tion, which allow one to obtain comprehensive information

on the structure of the object under study. Among them, the

method of microradian X-ray diffraction seems to be the

most informative. This is an indispensable method of

investigation of the structures with small lattice constants,

which cannot be studied by diffraction of visible light.

Diffraction of X-ray and neutron radiations from col-

loidal crystals has some features. First, the wavelength of

incident radiation is much smaller than the characteristic

lattice constant; therefore, usually one deals with very

small-angle scattering, and the Ewald sphere has a negli-

gible curvature. In calculations, the Ewald sphere is usually

taken to be flat. Second, for a given range of wavelengths

the refractive index of any medium with a rather high

accuracy has the same value equal to unity. The lack of

refraction also significantly simplifies calculations.

The first experimental neutron diffraction studies 217 ± 221

on the structure of colloidal crystals were not very informa-

tive due to the low beam intensity and monochromaticity.

Nevertheless, a comparison of the diffraction patterns

obtained at different angles of incidence of radiation sug-

gested the rhcp structure of the sample.221

Diffraction of synchrotron radiation was for the first

time implemented using colloidal single crystals 222 and then

on inverse opals.134 The observed diffraction sequence was

indexed for the fcc structure and it was emphasized 134 that

all reflections corresponded solely to the fcc stacking

pattern, i.e., the region under study was free from twins

and stacking faults. Since then, a variety of experiments

using synchrotron radiation were carried out.216, 223 ± 228 The

existence of Bragg rods in a colloidal crystal with rhcp

structure was for the first time established based on exper-

imental data 216 and a change in the character of the

diffraction patterns on drying of a colloidal crystal as well

as the loss of long-range order was demonstrated.225

Various films of inverse opals based on titania, silica

and iron(III) oxide were studied by microradian X-ray

diffraction.144, 229 The samples mainly had a twin fcc struc-

ture with some contributions of the hcp and rhcp structures.

The ratio of fragments with different structural types was

different for different samples. As an example, Fig. 8

presents the intensities of some diffraction reflections plot-

ted vs. angle of rotation of the sample around the axis lying

in the surface plane. At a chosen direction of the axis of

rotation of the sample, reflections corresponding to the

ABC and ACB stacking sequences were mirror symmetric.

Both types of reflections were observed. Based on their

reflection intensity ratio, it was established that the ratio of

the volume fractions of the fcc fragments with the

ABCABC... and ACBACB... stacking sequences is about

2 : 3. No reflections corresponding to the hcp structure were

observed for the sample. Thus, small-angle X-ray diffrac-

tion allows one to reveal a preferred type of the close-

packed structure, as well as fragments with other types of

stacking, and to determine the ratio of the fcc fragments

with different sacking sequences (ABCABC... and

ACBACB...).

Microradian X-ray diffraction studies also disclosed a

new type of structural defects in colloidal crystal films,

namely, double stacking faults propagating at an angle of

70.58 to the film surface.181 Nearly 10% of all stacking

faults belong to this type of defects.181 In the direct space,

they look like a characteristic terrace with the symmetry of a

square and variable height relative to the top layer (see

Figs 7 b and 9). Earlier, this type of defects was treated as a

kind of linear defects.191 Also, the structure of a small

region of an opal film (0.560.5 mm2 in size) in the recip-

rocal space was constructed using small-angle X-ray dif-

fraction data.230

4. Laser diffraction
Technically, laser diffraction is much less sophisticated than

diffraction of synchrotron radiation. However, obtaining

information on the internal structure of photonic crystals by

laser diffraction is much more complicated because one

should take into account refraction and carry out complex

calculations of the form factor of spherical particles using

the Mie theory. An important limitation for application of

diffraction of visible light is that it will be observed only for

structures with a spatial period of no less than the wave-

length of the light used.

Laser diffraction was used before the emergence of

interest in colloidal crystals as materials for photonics in

the simulation of processes in conventional crystals using

colloidal microspheres (e.g., crystallization, melting under

shear strain 173, 231). In a number of studies (see, e.g., Refs

173, 232 and 233), the structures of colloidal crystals were

determined by powder laser diffraction (analogue of powder

X-ray diffraction for conventional crystals). Diffraction of

visible light was used for fast determination of the degree of

structural ordering from the quality of the diffraction

pattern observed at normal incidence of light.234 ± 240 Laser

diffraction is particularly convenient for the determination

of the lattice constants of photonic crystals using the

expression

nd [siny+sin(y7j)] = l,

where n is the refractive index of the medium whose

diffraction pattern was recorded;
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Figure 8. Intensities of different reflections plotted vs. angle of
rotation of the sample.229

Open circles denote experimental data, solid lines denote approx-
imation of the peaks by the Lorentz functions.
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d = a

���
3
p

2
,

a is the effective diameter of the microsphere; y is the angle

of incidence of laser beam calculated with respect to the

normal to the sample surface; j is the angle between the

diffracted and transmitted beams; and l is the laser wave-

length in vacuum.142, 235

A dependence of the intensity of a diffraction reflection

on the angle of incidence of radiation was obtained exper-

imentally.235 To interpret the results obtained, numerical

modeling was carried out. Analogous dependences were

calculated for the fcc (with the ABC and ACB stacking

sequences), hcp and rhcp structures by simply adding the

scattering intensities from all spheres. Scattering from

particular spheres were calculated using the Mie theory.

Summation of the scattering intensities from different

spheres was carried out in two steps. First, the scattering

from a perfect close-packed layer was calculated and then

summation over a particular number of layers of specified

orientation was done. A comparison of the results of

calculations with experimental data revealed a twin fcc

structure. The authors also proposed and implemented a

method for the synthesis of the fcc structures without

twinning. To this end, crystallization was carried out

under a small shear strain parallel to the close-packed

planes of crystal. At small shear strain, a diffraction pattern

from three points (cf. six points with no strain) was

observed. Interestingly, unloading was followed by relaxa-

tion of the crystal and a diffraction pattern from six points

was observed again, which seems to correspond to the twin

fcc structure.

a

2 mm

500.0 nm

250.0 nm

0 nm

b

1 mm

Figure 9. Manifestation of tilted double stacking faults in the top
close-packed layer of an opal film according to electron microscopy
(a) and atomic force microscopy (b) data.181
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Figure 10. Laser diffraction patterns obtained from a sample of inverse opal based on WO3 .139

The diffraction patterns correspond to the regions with one (a), two (b) and three (c) well-defined
orientations of domains; the domain orientation map constructed for a fragment of inverse opal based
on WO3 (d ). The surface area of the fragment is 1.461.7 mm2.
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A laser diffraction structural study of ordered colloidal

suspensions was performed and the intensities of diffraction

reflections at different angles of incidence of laser beam on

the sample were determined.241 The intensity distribution

along the (10) Bragg rod was calculated from the depend-

ence of intensity on the angle of incidence of laser beam.

Depending on the ordering time of the system, different

values of the stacking probability parameter a, namely,

from about 0.5 to nearly 0.8 were observed. The appearance

of two symmetrically arranged reflections for the incidence

of laser radiation along the GP direction was observed.207

These reflections were ascribed to two types of the fcc

structure (with the ABC and ACB stacking sequences) and

thus twinning in the structure was proved. Note that the

colloidal crystals investigated in the studies 207, 235, 241 were

characterized by very low contrast of the refractive indices;

this facilitated calculations.

Diffraction in the region of high-index bands of the

photonic spectrum of a colloidal crystal was studied.242 The

diffraction patterns observed were in qualitative agreement

with the results of the band spectrum calculations; however,

all investigations were carried out only for the GL direction.

Other methods involving laser diffraction in structural

studies of colloidal crystals are available. For example, the

dependences of the reflection intensity at a fixed angle of

incidence for different positions of detector were plotted

and conclusions about the structure of the sample were

made based on the peak positions and broadening.243 The

shape and features of the behaviour of defects in colloidal

crystals were determined by studying the fine structure of

diffraction reflections (small spots constituting the reflec-

tion).244 ± 246 The diffraction pattern was used to determine

the orientation of a region of an inverse opal film, on which

the laser beam was focussed.139 Scanning of the sample was

followed by constructing the orientation maps for different

domains. When the spot of the laser beam reached a two- or

tri-domain region, a superposition of diffraction patterns

from different domains was observed (Fig. 10).

5. Analysis of Kossel ring patterns
Yet another widely used method of investigation of the

structure of colloidal crystals is an analysis of Kossel ring

patterns. The essence of the method is as follows. As diffuse

laser radiation propagates through a periodic structure,

diffraction from different crystal planes causes a significant

decrease in its intensity. As a result, one gets a pattern with

dark lines called the Kossel ring patterns whose shape and

positions allow the opal structure to be analyzed.247, 248

The Kossel ring patterns obtained for a colloidal crystal

based on polystyrene spheres in water are shown in

Fig. 11.243 The central circumference in Fig. 11 b corre-

sponds to the second order diffraction from the (111) planes

of the fcc structure; other Kossel ring patterns are due to

diffraction from the {220} families of planes. The observed

sixfold axis for the {220} rings instead of a threefold axis

expected for the fcc structure corresponds to twinning in the

sample. Note that the method requires good transmission of

radiation through the opal; therefore, it can be used only in

studies of colloidal crystals with low optical contrast.249 ± 253

VI. Conclusion

At present, the structure of photonic crystals can be

controlled by various methods. Among them, microradian

X-ray diffraction seems to be the most informative; electron

microscopy provides clear images; optical (laser) diffraction

is a quick technique for studying structures whose lattice

constants are larger than the wavelength of light used.

Structural imperfection of opaline materials is the main

problem related to their operation. The method of vertical

deposition allows one to obtain opal films with rather large

highly ordered surface areas; however, such abundant dis-

tortions of the periodic structure as the size dispersion of

spherical microparticles and stacking faults, strongly affect

their optical properties. At the same time, requirements for

the quality of the structure of photonic crystals in some

cases differ significantly. In this connection, one may state

the following.

If there is a need for a complete photonic band gap, high

concentrations of defects producing uncontrolled levels

within this band gap may appear to be inappropriate.

Taking into account the fact that the photonic band gap

opens in the high-index regions of the band spectra of

inverse opals (provided that the optical contrast of the

structure is high enough), stacking faults may appear to be

of particular importance. These defects strongly affect the

high-index bands but have little effect on the first photonic

stop band in the region of the L-point of the Brillouin zone.

Displacements of microspheres from ideal positions as

well as other defects are the reason for strong scattering of

light from synthetic opals; this precludes control of light

fluxes within these systems. At the same time, this factor

becomes much less important (and opal transparency

increases) as the optical contrast of the structure decreases;

this can be attained by introducing a corresponding filler.

For the same reasons it is desired to use opal photonic

crystals for control of reflected rather than transmitted

beams.

Finally, these are some fields of application for which

structural defects in opals are by and large insignificant

although undesired. These include enhancement of non-

linear optical, magnetooptical, photoelectric, photocatalytic

and other effects related to the interaction of light with

matter 5 due to the Bragg diffraction and slowing down the

group velocity of light at the boundaries of the stop bands.

Possible influence of defects on the group velocity of light is

still to be clarified, but it is assumed that most defects have

little effect on this parameter. Taking into account the fact

that synthetic opals still remain the most available for the

visible region, cheap and readily producible photonic crys-

a
(022)

(202)

(220)

(022)
twin

(202)
twin

(220)
twin

[01�1]

Figure 11. The Kossel ring pattern at normal incidence of laser
radiation (l=488 nm, lattice constant is 766 nm) on the (111)
plane of a colloidal crystal (a) and schematic view of the lines
obtained (b).243
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tals having no limitation on the linear dimensions, one can

assume that they will find a wide range of applications for

these purposes in the nearest future.
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