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Interplay of order and disorder in the optical properties of opal photonic crystals
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It is shown that the polycrystalline structure of self-assembled synthetic opals leads to an interplay of
properties determined by order and disorder in the vicinity of the optical stop band. We analyze the balance of
photon fluxes by studying angle-resolved spectra of diffracted and scattered light for all directions in space. It
is shown that the shape of the stop band features in different types of optical spectra~diffraction, transmission,
and scattering! is interlinked and must be studied jointly to understand optical phenomena in these materials.
The principal effects are~i! angular dispersion of the photonic stop bands in diffraction spectra,~ii ! inhomo-
geneous broadening of the stop band in zero-order transmission, and~iii ! appearance of very strong peaks in
the spectra of scattered light, with resonant enhancements observed with intensity up to;10 times greater than
background scattering levels. It is shown that the resonant enhancements arise from multiple incoherent
backward/forward reflections between the microcrystallites. It is shown that the spatial pattern and spectral
form of the scattering spectra can be deduced from the analysis of angle-resolved zero-order transmission
spectra under conditions where the attenuation length of light within the stop band is comparable to the
thickness of the sample. The methodology of the studies developed in this paper is applicable to a wide class
of disordered photonic crystal structures.
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I. INTRODUCTION

Synthetic opals are self-assembled three-dimensio
~3D! photonic crystal structures with photonic band gaps
the visible wavelength range.1–6 In the same way as natura
opals are formed, with their well-known play of colors,7 syn-
thetic opals are formed by submicron silica spheres pac
into a relatively regular fcc lattice.8 An attractive feature of
synthetic opals, in comparison with their natural count
parts, arises from the possibility to use the lattice of sphe
as a template that can be infiltrated with a variety of fer
electric, nonlinear, and photorefractive materials, thus p
mitting the creation ofcompositesfor optoelectronic appli-
cations. Recently opals were infiltrated with semicond
tors,1,2,9–13 titanium dioxide,14–16 graphite,17 liquid crys-
tals,18,19 conjugated polymers,20,21 organic-inorganic layered
perovskites,22 BaTiO3,

23 chalcogenide glasses,24 SnS2,
25 and

VO2.
26

In much of this work it was realized that the photon
crystal properties of the composite materials are strongly
pendent on the quality of ordering of the initial opal tem
plate. Best ordering can be achieved in materials that
only a few monolayers thick where the self-assembly
spheres can be controlled by the use of patterned27–29 sub-
strates or by vertical deposition techniques.30–35 Obtaining
thicker materials~.10 mm! typically relies on the standar
method1–6 of sedimentation of spheres from suspension. T
method, however, generatesdisorderin a variety of forms. In
general the types of disorder in sedimented opals are sim
0163-1829/2002/66~16!/165215~13!/$20.00 66 1652
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to the textbook examples of disorder in crystalline lattices
solid-state systems, with a scaling factor for silica sphe
that is ;103 times larger than the size of typical atom
These include stacking faults,36 dislocations, and point
defects,37 as well as domains36,38,39 of various orientations
and sizes. Stacking faults or random arrows in the seque
of layers along the direction of sedimentation such
ABCABABC. . . ~the fcc lattice is characterized by th
ABCABC. . . sequence! are one of the most common type
of defect, with densities reaching;10% in sedimented bulk
opals36 and ;1% in films a few monolayers thick.35 The
concentration of point defects typically varies from;1022

defect per unit cell in sedimented opals36 to ;1023 in the
thin films.35

The formation of domains of unknown size an
orientation36,38,39 constitutes a type of disorder intrinsicall
inherent to self-assembly. The mechanism of formation
domains as well as of various defects in sedimented opa
not very well understood up to the present time. Howeve
is likely that the top interface of the sediment grows by a
gregation of silica spheres, which after reaching the grow
surface by gravity, relax to minimum potential-energy sit
within a hard-sphere interaction potential.38 ~This technique
of colloidal epitaxy differs from crystallization in thermody
namical equilibrium, which occurs in the volume of the co
centrated colloidal dispersions in normal gravity40–42 or in
microgravity43,44 conditions!. On an empirical level the or-
dering of the lattice is influenced by many factors includi
the width of the size distribution of spheres~standard devia-
©2002 The American Physical Society15-1
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V. N. ASTRATOV et al. PHYSICAL REVIEW B 66, 165215 ~2002!
tion 3%–5%!, the concentration of the suspension, flatn
of the substrate, the height of the sediment,et al. These fac-
tors lead to variable parameters of the domain structure
different samples. It is important to stress, however, that
very existence of domains in the sedimented opals with
sizes in the centimeter scale1–6 is inevitable in practice in
presently available preparation techniques.

From the theoretical standpoint the optical properties
disordered photonic crystals have attracted considerable
terest, particularly with regard to the major goals in the fie
such as realization of complete photonic band gaps45 ~PBG!
and strong localization of light.46 The disorder leads to th
appearance of localized states in the region of the gap
band edges thus closing the complete band gap.47–50 It has
been theoretically shown49 that in the inverted opal structur
the band gap closes for fluctuation of lattice constants
small as 2% due to the extreme sensitivity of high-freque
bands to the presence of disorder. At the same time diso
can help46 to achieve strong localization of light at the sto
band edges. The experimental observation of strong loca
tion phenomena is, however, made extremely difficult
cause of the effects of residual absorption and the large
fractive index contrasts required.

Experimental studies of the effects of disorder on the
tical properties of photonic crystals are rather few in numb
partly due to difficulties in controlling51 the type and amoun
of disorder in self-assembled materials. Most often effe
related to disorder are encountered in the course of cha
terization of the stop bands36,39,52in zero-order transmission
and reflectivity spectra. These stop bands are typically in
mogeneously broadened, thus seriously complicating the
termination of the band structure. In disordered mater
overlap between stop bands measured along different d
tions ~the usual definition of the complete PBG! may arise
due to inhomogeneous broadening effects36 in cases where a
complete gap is prohibited by the limited refractive ind
contrast. In some cases this problem can be overcome
applying extremely high spatial resolution, so-called sin
domain spectroscopy,39 allowing homogeneous linewidths i
the reflectivity spectra to be approached.

More directly disorder-induced properties of se
assembled materials have been addressed in experim
with built-in sources of light,53 total transmission,52 and co-
herent backscattering.54,55 It was found that the propagatio
of light generated by the built-in sources arises from a co
bination of ballistic transport~along directions away from
the stop band! together withdiffuse scattering in the thin
near-surface region. However the spatial and spectral c
acteristics of scattered light, as well as the role of polycr
tallinity, were not studied in detail in these papers.

The present paper is devoted to a systematic study of
interplay of properties determined by order and disor
in the vicinity of optical stop bands in opals obtained
standard sedimentation methods. Although they are polyc
talline, the samples selected for this work were the least
ordered available to us, according to the following criter
~i! domains are of significant size~50–100mm!, ~ii ! the lat-
tices of individual domains are well ordered,~iii ! the do-
mains have narrowly defined~10° at most! preferential ori-
16521
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entation, and~iv! the distribution of the domain sizes an
orientations is uniform not only along the sedimentati
plane but also through the entire thickness of the sam
Generally speaking we selected samples comprising the
properties of Bragg reflectivity~narrow stop bands from in
dividual domains! with scattering properties due to the pol
crystalline structure, which is uniformly distributed throug
the volume of the sample. We believe that these samples
typical of most opal samples studied worldwide and that
optical properties studied in this work are general for the
materials.

To access properties determined by the ensemble
large number of domains~typically 103– 104 in our experi-
ments! we studied opals infiltrated with liquids with a rela
tively small contrast of refractive index. We developed e
perimental approaches that permit angle-resolved spe
measurements of light scattered and diffracted in all dir
tions in space~4p-sr solid angle!. We show that in the vicin-
ity of the stop band not only the transmitted zero-order bea
but also the scattered light experience strong variations
intensity and contribute markedly to the total photon flu
We show that the shape of the stop band features in diffe
types of optical spectra~diffraction, transmission, and sca
tering! is interlinked and must be studied jointly to obtain
comprehensive understanding of the optical phenomen
these materials.

We studied several effects arising from the interplay b
tween order and disorder:~i! angular dispersion in diffraction
spectra caused by slight misorientation of domains,~ii ! inho-
mogeneous broadening of the stop band in transmis
spectra, and~iii ! resonant enhancement of scattering beh
the sample of magnitude;10 times greater than the back
ground level. It is shown that the mechanism of reson
enhancement is determined by multiple incoherent ba
ward/forward reflections from the microcrystallites, leadi
to enhanced residence times of photons within the scatte
medium, combined with the superprism effect in individu
microcrystallites.56,57 It is shown that the spatial pattern an
form of the scattering spectra can be deduced from anal
of the set of angle-dependent zero-order transmission spe
given the condition that the attenuation length of light with
the stop band is comparable with the thickness of the sam
for both transmitted and scattered waves.

The paper is organized as follows. Section II describes
structure of our polycrystalline samples. In Sec. III we d
scribe the experimental geometry. Section IV contains g
eral remarks about optical transport in opals. Section V
devoted to diffraction properties in front of the samples. S
tion VI describes mechanisms leading to stop band broad
ing in the zero-order transmission. Section VII is devoted
scattering behind the sample. Finally, the main conclusi
are summarized in Sec. VIII.

II. POLYCRYSTALLINE STRUCTURE OF SAMPLES

The samples used in these studies were manufacture
sedimentation of silica spheres in gravity followed by sint
ing in the temperature range 800 °C–950 °C to provide s
supporting properties of the sediment due to slight mut
5-2
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INTERPLAY OF ORDER AND DISORDER IN THE . . . PHYSICAL REVIEW B 66, 165215 ~2002!
penetration and fusing of spheres~see details of fabrication
in Ref. 36!. The mean diameter of the silica spheres varied
different monodisperse suspensions within the range 2
400 nm. The growth of the samples took place in cuve
~;10 cm diameter! with a rate of crystallization;1027

cm/s. Obtaining samples with the thickness in the centim
range typically requires from one to three months or ev
longer for the smallest spheres. Similar techniques have b
employed by many groups1–6 to obtain bulk samples of syn
thetic opals~for a review of fabrication techniques, see R
58!.

Such sedimentation techniques result in polycrystall
domains of varying sizes, usually with face-centered-cu
~fcc! packing or random stacking of hexagonally clos
packed planes.36,38,39Polycrystalline structure was found i
all the centimeter size samples obtained from differ
manufacturers.59–61 The average size, crystal quality, an
distribution of domain orientations were found to be dep
dent on the polydispersity of spheres, velocity of sedimen
tion, concentration of the suspension, charging effects,
ness of the substrate, and other features of the technolo
process. By using a scanning electron microscopy~SEM!
analysis and optical characterization of samples polishe
different depths from the top surface of the sediment
found the following major trends in the characteristics of t
domain structure.

~i! The size of the domains tends to increase towards
top surface of the sediment. This property is, howev
sample dependent. It can be explained by further s
separation36,37 of the spheres in the course of slow sedime
tation due to the fact that lowest layers are composed
spheres with larger diameter than the upper layers. For
work we selected samples obtained from the supplie59

where relatively uniform distribution of the domain siz
~typically in the 50–100-mm range! and orientations pre
served over millimeter depths from the top surface w
found.

~ii ! The domains tend to have a highly ordered system
~111! planes of the fcc lattice parallel to the surface of t
structure. This property, however, was found to vary depe
ing on the manufacturer. It is interesting to note that in op
fabricated for jewelry61 we found significantly larger do
mains reaching sizes;1 mm with a very broad range o
orientations. This combination of properties is responsi
for the best ‘‘play of colors’’ mimicking the properties o
natural7 gem opals. For the present work, however, we
lected opals59 possessing a relatively narrow distributio
~10°! of the domain~111! planes around the sedimentatio
plane. It should be noted, however, that domains with v
different orientations can still be found in these samples
low concentration. This is illustrated in Fig. 1~a! where an
SEM image of the polished sedimentation surface is p
sented. The square type of packing of spheres in the ce
part of the micrograph is indicative of a domain with~100!
orientation at the surface, while the surrounding areas d
onstrate hexagonal packing typical of~111! orientation.

~iii ! The domains usually have an irregular shape el
gated parallel to the surface of the structure. In the sam
selected for this work the average lateral size of domain
16521
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found to be;50–100mm, while their average thickness wa
estimated to be about;10–20mm, as discussed in Sec. V.

The samples for optical studies were obtained by cutt
the sintered sedimented chunks of opals with a diam
wheel saw into a number of plates with a base surface
allel to the top surface of the sediment. To avoid fault
structures occurring near the walls of the cuvette36 only the
central part of the plates was used for fabrication of samp
with lateral dimensions in the millimeter range. The samp
were then polished to various thicknesses (D) spanning from
30 to 1000mm. To provide a gradual variation of the thick
ness, along with the use of a number of parallelepip
shaped samples with various thicknessesD, we also used
samples polished in the form of a wedge with an an
;0.05 rad, and a base parallel to the sedimentation plane
the optical experiments the thickness can be controlled
exact positioning of these samples relative to a small~typi-
cally ;50 mm! fixed diaphragm.4

The main effects observed in this work are illustrated
using a single plane-parallel sample with the thicknessD
5300mm and size of spheres 285 nm. The advantage of
approach is that all types of spectra~transmission, diffrac-
tion, and scattering! are obtained from the same area~;3

FIG. 1. ~Color! ~a! Scanning electron micrograph of the po
ished surface~parallel to the sedimentation plane! of a self-
assembled opal. The square type of packing of spheres in the ce
part of the micrograph is indicative of a domain with~100! orien-
tation, while the hexagonal packing in the surrounding areas re
sents domains with~111! planes. The dashed vertical lines represe
domain boundaries.~b! ~Color! Optical micrograph at a normal in
cidence and~c! at oblique illumination~u540°! of the same area on
the surface of the sample. The yellow and blue areas repre
domains with different orientations of highly reflective~111! planes.
5-3
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V. N. ASTRATOV et al. PHYSICAL REVIEW B 66, 165215 ~2002!
mm2! of the same sample, thus simplifying a comparat
analysis of the results. It is necessary to note, however,
these results are verygeneralandtypical for a large number
of samples with various thicknesses and sizes of spheres
address the thickness dependence where appropriate in
IV and VII. We do not discuss the dependence on the siz
the spheres since we found that it is very straightforward:
shape of the band-gap features in the spectra remains si
while the energy position follows the well-known scaling
the band structures with the reciprocal of the lattice perio

The domains with different orientation can be seen
rectly in an optical microscope due to their bright Bra
reflectivity, as shown in Figs. 1~b! and 1~c!. At different
angles of illumination we observe domains with the app
priate orientation of a highly reflective~111! system of
planes at the specular condition~see areas of the samp
displaying different colors at normal@Fig. 1~b!# and oblique
@Fig. 1~c!# incidences!. The system of~111! planes possesse
strongest reflectivity because of its maximal structu
factor41,62 in light scattering. The separation of strongly sc
tering~111! planes is robust to the presence of plane stack
faults,36 thus leading to well-defined stop bands along t
direction. In the case of broad area illumination the in
vidual reflections from a number of rotated microcrystallit
determine the pattern of diffraction in the front of the sam
considered further in Sec. V.

The boundaries between individual domains@see Fig.
1~a!# are mostly imperfect areas of the polycrystalli
samples and give rise to incoherent scattering of light. T
scattering occurs due to refraction/reflection at the interfa
between microcrystallites of irregular shape. In addition e
domain contains a finite concentration of point defects s
as vacancies and interstitial spheres~typically ;107 cm22,
or one defect per 100 unit cells! as well as dislocations an
stacking faults. All these types of volume defects along w
the standard 3%–5% variations of the size and index
spheres contribute to incoherent scattering of light behind
sample considered in Sec. VII.

III. EXPERIMENTAL GEOMETRY

Highly collimated~divergence,1°! white light illumina-
tion was provided from a tungsten-halogen lamp at an an
of incidenceu, as shown in Fig. 2. In some experimen
described in Sec. VII a tunable dye laser was used a
source of light. The size of the incident beam on the sam
was about 2 mm, meaning that the number of illumina
domains was of order 103– 104. Light was collected in any
desired direction with 1° angular resolution by use of a fle
ible fiber coupled to a spectrometer. The spatial pattern
light around the sample could also be observed on a rem
able cylindrical screen as shown schematically in Fig. 2.

In the absence of absorption, which is typically a ve
good approximation in our experimental conditions, the b
ance of beams originating from the slab of opal can be r
resented as

I inc5(I front1I zero1(I behind, ~1!
16521
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where I inc is the intensity of the incident beam,(I front the
integrated intensity of the beams diffracted and scattere
front of the sample~2p-sr solid angle!, I zero the intensity of
the zero-order transmitted beam measured along the line
sight direction behind the sample, and(I behind the total in-
tensity of light behind the sample~2p-sr solid angle!, ex-
cluding I zero. More details on the experimental geometry c
be found in the following sections.

We will show that in the vicinity of the stop band bot
diffraction and scattering are resonantly enhanced and
terms in Eq.~1! display a complex interplay as a function o
energy. For this reason all types of spectra of these mate
must be studied jointly to obtain a reliable understanding
the optical properties.

IV. GENERAL REMARKS ABOUT OPTICAL TRANSPORT

A. Incoherent scattering and Bragg reflectivity

For photons with energies far from the optical stop ba
the optical transport through the slab of opal can be cha
terized by a mean free path for photons (l ) determined by
incoherent scattering of light on various defects in the str
ture. The dried as-grown opals have a milky appearance
broad range of wavelengths because of the small value
the parameterl ~;15–20mm!,52–55 leading to strong attenu
ation of the total transmission (T5I zero1(I behind) in the
classical diffusion limit (l !D): T51/D. The parameterl is

FIG. 2. Schematic representation of the geometry of the exp
ment with incidence (I inc) provided at angleu and the diffracted
and scattered light visualized on a cylindrical screen. The patter
diffraction in front of the sample (I front) expected for a Debye-
Scherrer mechanism is represented by ellipses concentric withI inc .
The beamsl1 and l2 represent a small part of the concentric e
lipses along various anglesa observed in the plane of incidence
The beamsI zero and I behind represent the zero-order transmitte
beam and scattered light behind the sample, respectively.
5-4
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INTERPLAY OF ORDER AND DISORDER IN THE . . . PHYSICAL REVIEW B 66, 165215 ~2002!
controlled by the index difference between spheresns
51.33) ~Ref. 63! and pores (np). In dried opals the refrac
tive index contrast (Dn/n, whereDn5ns2np , andn is the
average index! reaches;0.3, thus leading to small values o
the parameterl.

To reduce scattering and to probe the whole thicknes
the sample (l>D) in our experiments the pores were infi
trated with ethanol with a refractive indexnp51.36 or with
cyclohexane with an indexnp51.43. The infiltration was
performed in an optical cuvette with flat walls. Zero-ord
transmission measurements demonstrate that after infiltra
the samples are much more transparent (I zero>(I front
1(I

behind
) in a broad range of wavelengths, except for t

stop band region, as shown in Fig. 3~a! for ethanol and in
Fig. 3~b! for cyclohexane.

At the stop band energies the zero-order beam is expo
tially attenuated with the thickness of the sample2,4 @ I zero
;exp(2D/Lexp), where I exp is the measured attenuatio
length# due to Bragg reflectivity, which leads to the pr
nounced dip in Fig. 3. The value ofLexp was found to be 300
and 60mm in the cases of infiltration with ethanol and c
clohexane, respectively. This was confirmed by additio
measurements of the transmission thickness dependence
formed on the wedge-shaped sample.4 The dip shifts mark-
edly to shorter wavelengths with an angle of incidenceu, as
seen in the transmission data foru50° and atu530° in Fig.
3. In the case of infiltration with ethanol the attenuation
the zero-order beam@;50% I inc , see Fig. 3~a!# was found to

FIG. 3. Experimental~solid lines! and theoretical~dashed lines!
zero-order transmission spectra~a! for infiltration with ethanol and
~b! with cyclohexane. The spectra marked 1 represent normal i
dence~u50°!, while the spectra marked 2 show the case of in
dence atu530°. The calculations predict significantly stronger a
tenuation and narrower spectral width of the stop band feat
even though in the calculations the thickness of the structure
smaller @90 mm, corresponding to 384 close-packed~111! layers
with interplane spacing ofd5233 nm# than the actual thickness o
the sample (D5300 mm!.
16521
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be mainly due to Bragg diffraction of light in front of th
sample (I zero;(I front.(I behind). However, in the case of cy
clohexane the intensity of the zero-order beam drops
;1022I inc at the midgap frequencies@see Fig. 3~b!#. As
shown in Sec. VI for these conditions the intensity of t
light scattered behind the sample exceeds the intensity o
zero-order beam ((I behind.I zero), and represents a signifi
cant contribution to the total balance of photons.

B. Failure of the perfect lattice model

Attempts to describe the transmission properties wit
the approximation of a perfectly periodic system lead to
rious disagreement with the experimental spectra, as fo
from one-dimensional52 modeling and as shown below from
three-dimensional64,65 ~3D! calculations for the fcc lattice.

The results of 3D calculations for incidence on a syst
of ~111! planes are represented by dashed lines, for di
comparison with experiment, for the cases of infiltration w
ethanol@Fig. 3~a!# and cyclohexane@Fig. 3~b!# at two angles
of incidenceu50° andu530°. It is seen that although th
calculations correctly describe the positions of the center
the experimentally observed dips and their angular shift, t
predict significantly stronger attenuation in the gap and n
rower spectral width of the stop band features. The diff
ence between the calculated parameters~Bragg attenuation
length of light at midgapL and linewidth of the stop bandD)
and corresponding parameters determined from the exp
mental spectra (Lexp andDexp) is striking. These parameter
are given in Table I for the cases of infiltration with ethan
and cyclohexane. It is seen thatDexp/D;6, demonstrating
the very strong inhomogeneous broadening of the exp
mental spectra. The experimentally measured attenua
length of light is found to be several times longer than tha
the calculations. The failure of the perfect lattice model
indicative of the more complicated optical transport whi
occurs in a polycrystalline material.

V. DIFFRACTION IN FRONT OF SAMPLE

Study of the spatial patterns and spectral properties
light in front of the illuminated surfaceI front allows access to
specific properties determined by the polycrystalline str
ture. In this section we will concentrate on the resonant pr
erties determined by the bulk properties of microcrystalli

TABLE I. Parameters of optical transport:l is the transport
mean free path,L the Bragg attenuation length calculated for t
@111# direction of a perfectly ordered fcc lattice,Lexp the attenuation
length measured in the polycrystalline sample along the directio
sedimentation,D the full width at half maximum~FWHM! of the
stop band feature in calculated spectra, andDexp the experimental
FWHM of the stop band.

Liquid np Contrast l
L

~mm!
Lexp

~mm!
D

~nm!
Dexp

~nm!

Ethanol 1.36 20.022 @D 40 300 3 18
Cyclohexane 1.43 20.073 ;D 12 60 9 ;50
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-

es
as
5-5



t
ar

i
ra
n-
th
re
rr
a
o

th
ri

en
e
.

-

m

he

he
ach

of

-
tly

e
ly

he
ith

po-
he

f
he

the
ain

ied
red

-
a at
e

of

too

his
tic
c-
id-

mit

al

9

a

to

V. N. ASTRATOV et al. PHYSICAL REVIEW B 66, 165215 ~2002!
~Bragg reflectivity! ~Ref. 66! rather than on the incoheren
scattering from boundaries between domain and from v
ous structural imperfections. The pattern ofI front has a close
analogy with the case of x-ray diffraction in powders67 with
one important difference. In powders all orientations of m
crocrystallites are equally represented. For this reason B
diffraction is typically observed for all rays along the ge
erators of cones concentric with the beam incident on
sample. These cones should intercept the cylindrical sc
around the sample in a series of concentric ellipses co
sponding to different wavelengths, as shown in the schem
sketch of Fig. 2. However, in synthetic opals the system
~111! planes has a strong preferential orientation along
surface, thus allowing only a small part of the concent
ellipses along various anglesa in the plane of incidence to
be observed, as represented by the beamsl1 andl2 in Fig.
2.

Angle-resolved diffraction spectra measured at differ
anglesa ~for fixed u of 30°! in the plane of incidence ar
presented in Fig. 4~a! for the case of infiltration with ethanol
The diffraction peaks have width;13 nm for alla, peaking
in intensity at the specular conditiona5u530°, and with the
peak wavelength decreasing with increasinga, similar to
previous observations24,36 performed at higher refractive in
dex contrasts.

The results can be modeled in the low index contrast li
by considering Bragg’s law~2!, along with Snell’s law to
describe refraction at the flat wall of the cuvette, with t

FIG. 4. ~a! Experimental angle-resolved spectra~full lines! for
u530° anda varying from 9° to 45° compared with theoretic
reflectivity spectra for fcc structures withnp51.36 andns51.33
~dotted lines!. In the calculations, the structure has a thickness of
mm corresponding to 384 close-packed~111! layers with interplane
spacing ofd5233 nm. The measured peak intensities are norm
ized to fit the calculated spectra at the specular conditiona5u
530°. ~b! Measured angular dispersion of the center of the s
bands foru50°, 15°, 30°, 45°, and 60° as a function ofa ~symbols!,
and calculated using Eqs.~2! and ~3! ~full lines!. ~c! Measured
intensity of the peak as a function of rotation of~111! planes rela-
tive to the plane of sedimentation~symbols!, and Gaussian fit~full
line!.
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average indexn5@(ns)
2f 1(np)2(12 f )#1/2, where f 50.74

is the filling factor for the close-packed fcc structure. T
dispersion relation can be obtained by assuming that for e
combination of external anglesa andu we selectively probe
the reflectivity of the appropriately oriented domains@at the
specular condition represented by an internal anglew of in-
cidence on the system of~111! planes#:

ml52nd cosw, ~2!

w5 1
2 FarcsinS sin u

n D1arcsinS sin a

n D G , ~3!

where m51 is the diffraction order andd50.816a is the
separation between~111! planes.

This model very well describes the angular dispersions
the positions of the peaks in the diffraction spectra68 for a
very broad range of anglesa andu varying from 0° to 60°,
as shown in Fig. 4~b!. This is further confirmed by our cal
culations of reflectivity spectra from a series of perfec
ordered fcc lattices using a 3D code,64,65 each lattice slightly
rotated to representspecularincidence at anglew for each
combination ofa and u. In the calculations the size of th
lattice along the~111! plane was assumed to be infinite
large, consistent with the large lateral dimensions~50–100
mm! of the domains. The thickness of the lattice along t
propagation direction was treated as a fitting parameter w
the best results obtained within the 10–20mm range. Good
agreement with the experiments for both the width and
sition of the diffraction lines was obtained, as shown by t
dotted lines in Fig. 4~a! for thickness 11.2mm. For thicker
material~up to 100mm! the calculations show narrowing o
the stop band, roughly by a factor of 2, together with t
development of a square top to the reflection peak~indicative
of close to 100% absolute reflectance!, which is not seen in
the experiments. The good agreement obtained for
smaller thicknesses indicates a lower limit to the dom
thicknesses (Ddom;10 mm! in our samples.

The distribution of the domain orientations can be stud
by comparing the intensities of the calculated and measu
diffraction peaks in Fig. 4~a!. The intensities of the experi
mental peaks are normalized to fit the calculated spectr
the specular conditiona5u530°. The intensities decreas
rapidly for smaller and largera showing the preferential ori-
entation of domains around the@111# growth direction. From
the variation of the diffracted intensity witha away from
30°, we deduce an approximately Gaussian distribution
orientation of~111! planes with full width at half maximum
~FWHM! of 10° as shown in Fig. 4~c!.

VI. BROADENING EFFECTS IN ZERO-ORDER
TRANSMISSION SPECTRA

The broadening of the stop band reported in Sec. IV is
large52 to be explained by the standard deviation~3%–5%!
of the sphere sizes. In this section we will show that t
effect arises from the polycrystalline nature of synthe
opals. The full picture is, however, complicated by the o
currence of the three distinctly different mechanisms cons
ered below. The first two mechanisms take place in the li
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INTERPLAY OF ORDER AND DISORDER IN THE . . . PHYSICAL REVIEW B 66, 165215 ~2002!
of weak refractive index contrast. They are illustrated by
case of infiltration with ethanol. The third mechanism is
vealed in experiments with larger contrasts, the case of in
tration with cyclohexane.

~i! Homogeneous broadeningcaused by the finite thick
ness of the individual domain in the limit (Ddom<L) has
been previously studied32 in opal thin films. It can be seen
from a comparison of the theoretical curves in Figs. 3~a! and
4~a!: the diffraction peaks calculated forD511.2 mm are
broader~FWHM;10 nm! than the features in transmission69

~FWHM;3 nm! calculated for thicker materialD590 mm.
~ii ! Inhomogeneous broadening, due to the fact that the

total intensity of light rejected from the zero-order beam
the stop band frequencies, arises from a number of individ
diffraction peaks70 with different wavelengths from differen
domains. This mechanism of broadening is illustrated in F
5~a! where the diffraction peaks measured for differenta at
u530° @see Fig. 4~a!# are combined on a single plot. Th
envelope~dashed curve! displays a peak inhomogeneous
broadened~FWHM;40 mm! by comparison with the indi-
vidual lines~FWHM;13 nm!. This peak represents the spe
tral shape of the term(I front in Eq. ~1!. Its position, width,
and strength very well fit the shape of the dip observed in
transmission spectrum71 at u530°, as shown in Fig. 5~b!.
This agreement indicates that the relationshipI zero5I inc
2(I front is roughly satisfied, showing that the scattering te
does not play a significant role ((I behind!I zero) in the total
balance of photons represented by Eq.~1!. This conclusion
was additionally proved by direct measurements of the s
tered intensity behind the sample ((I behind), which showed
that this term constitutes only a few percent ofI zero at all

FIG. 5. ~a! Experimental diffraction peaks foru530° in the case
of infiltration with ethanol@same as in Fig. 4~a!# represented with-
out vertical shift~full lines!. The envelope function~dashed line!
represents the spectral shape of the term(I front in the balance Eq.
~1!. ~b! Experimental zero-order transmission spectrumI zero in eth-
anol atu530° ~full line! and the functionF5I inc2(I front ~dashed
line!. The functionF is normalized for direct comparison withI zero.
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frequencies. Thus coherent Bragg diffraction by the po
crystalline structure ((I front) is the dominant factor leading
to the shape of the stop band in the case of infiltration w
ethanol.

~iii ! Additional broadeningdue to incoherent scatterin
arises when for larger index contrasts~cyclohexane! mecha-
nism ~ii ! is insufficient to describe the shape of the stop ba
features in zero-order transmission. This is illustrated in F
6 where a similar treatment of the diffraction data to that
Fig. 5 for differenta at u530° leads to an envelope functio
of individual peaks with a linewidth~FWHM;40 nm! very
similar to the case of ethanol@Fig. 6~a!#. However, as seen in
Fig. 6~b!, this envelope function cannot explain key featur
of the transmission spectrum including the much broader
as well as the shape of the background, which display
marked decrease towards shorter wavelengths. The di
ence betweenF;I inc2(I front and I zero in Fig. 6~b! arises
from scattering behind the sample72 ((I behind) @see Eq.~1!#.
The spectral shape of the term(I behind found by this proce-
dure is represented in Fig. 6~c!. It is seen that the scatterin
term (I behind has a magnitude comparable withI zero in the
whole range of wavelengths, except at the stop band frequ
cies where(I behind completely dominatesI zero. Most inter-

FIG. 6. ~a! Experimental diffraction peaks foru530° in the case
of infiltration with cyclohexane at different anglesa from 9° to 45°
~full lines!. The envelope function~dashed lines! represents the
spectral shape of the term(I front in the balance Eq.~1!. ~b! Experi-
mental zero-order transmission spectrumI zero in cyclohexane at
u530° ~full line! and functionF5I inc2(I front ~dashed line!. ~c!
The spectral shape of the angle-integrated scattering behind
sample, as deduced from(I behind5F2I zero. The two marked peaks
indicate resonant enhancement of scattering at the stop band e
5-7



F
in

te
a

ec
e

to

e

ca
i-

e
sc

n-
.
er-
in

ons

of
has
ch
der
am

he
ec-

by

the

nted

nt
an
use
ck-
s
und
2 of
he
he

er
.

d
-
c
ri
io

iffu

ce

r
l.

V. N. ASTRATOV et al. PHYSICAL REVIEW B 66, 165215 ~2002!
estingly, the term(I behind is resonantly enhancedat the stop
band edges as indicated by the two marked peaks in
6~c!. This effect is responsible for the additional broaden
of the stop band in the zero-order transmission spectra.

VII. SCATTERING BEHIND THE SAMPLE

To provide direct evidence for the occurrence of scat
ing and to study its role in determining the overall optic
properties, we performed measurements of scattering sp
with angular resolution. We begin with the results obtain
in the case of infiltration with ethanol whereLexp5D5300
mm. These results were found to be qualitatively similar
those obtained using various ethanol-methanol mixtures~in-
dex between 1.33 and 1.36! with smaller refractive index
contrasts~between 0 and20.022! whereLexp.D. Thus the
infiltration with ethanol was chosen as a case fully repres
tative of the regime of weak Bragg attenuation (Lexp>D).
We will interpret these results and discuss a model for s
tering in polycrystalline opals. Finally, we consider add
tional experiments for larger index contrasts~cyclohexane!
that provide additional support to our model. They will b
discussed along with the thickness dependence of the
tering spectra.

FIG. 7. Pattern of scattered light behind the sample observe
the case of illumination atu520° by a tunable dye laser of wave
length 618 nm in the stop band region. The resonantly enhan
scattering manifests itself as an additional beam, shown for cla
in the schematic sketch. It is scattered in a broad cone of direct
represented by the polar angleb ~from the normal!. The white circle
represents the zero-order transmitted beam surrounded by a d
halo.
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A. Scattering in the regime of weak Bragg
attenuation „ethanol…

Although infiltration with ethanol leads to a weak inte
sity of scattering ((I behind) compared to other terms in Eq
~1!, this case is fully representative of the scattering prop
ties of opals observed in this paper and is very helpful
revealing the physical mechanisms. Our main observati
are that the scattering isresonantly enhancedat the stop band
energies, and in addition gives rise to an additional beam
light behind the sample, as shown in Fig. 7. This beam
properties very different from conventional scattering, whi
gives rise to the diffuse halo surrounding the zero-or
transmitted beam, also visible in Fig. 7. The additional be
appears only at the stop band energies~the image in Fig. 7 is
obtained for a single wavelength within the stop band!, while
the diffuse halo occurs for a wide range of wavelengths. T
additional beam is characterized by a broad cone of dir
tions, centered around the normal to the sample as given
the polar angle~b!, as shown in Fig. 7.73 In contrast, the
diffuse halo is scattered in a much narrower cone around
zero-order beam.

The spectral properties of the scattered light are prese
in Fig. 8~a! for the case of normal incidence~u50! when
both beams~diffuse halo and additional beam! are centered
around the same direction~b5u50!, but with different an-
gular widths ~Fig. 7!. The spectra measured at differe
anglesb exhibit a peak due to the additional beam and
almost wavelength-independent background from the diff
halo. The amplitude of the peak is comparable with the ba
ground for smallb. For increasingb, the background decay
rapidly and the peak overtakes the level of the backgro
by at least an order of magnitude, as seen in spectrum
Fig. 8~a!. This arises due to the broader directionality of t
additional beam compared with that of the diffuse halo. T
position~620 nm! and width~FWHM;10 nm! of the peak at
smallb correlate with that of the stop band in the zero-ord
transmission spectra atu50, as seen by comparison with Fig
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FIG. 8. ~a! Experimental scattering spectra for normal inciden
~u50°! and various scattering anglesb from 9° to 36° in the case of
infiltration with ethanol.~b! Zero-order transmission spectra fo
various angles of incidenceu from 0° to 35° in the case of ethano
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INTERPLAY OF ORDER AND DISORDER IN THE . . . PHYSICAL REVIEW B 66, 165215 ~2002!
8~b!. As the angleb increases the peak displays a slight sh
to shorter wavelengths accompanied by weakening
broadening. It is important to stress that the shift of the p
as a function of angleb is very weak compared to the shift o
the stop band in the zero-order transmission measured
u5b in Fig. 8~b!.

The directionality of scattering for the peak~additional
beam! and the background~diffuse halo! are shown in Figs.
9~a! and 9~b!, respectively. The measurements were p
formed for differentu as a function of detection angleb, as
shown in Fig. 7. The amplitude of the peak was measu
from the level of the background. It is seen that for eacu
the scattering peak occurs over a verybroad range of angles
b with angular widths as large as;40°, centered either a
~u,15°! or close to~u.15°! the normal direction. In contras
the background scattering hasnarrow directionality of;15°
with the direction of maximum intensity (bm) occurring
along the direction of illumination,bm52u, as illustrated in
Fig. 9~b!.

B. Interpretation of the results and discussion of the model

The diffuse scattering halo around the zero-order beam
well known from previous studies of opals,36 and arises from
scattering by structural defects. The fact that its spectrum
wavelength independent74 shows that it arises from scatte
ing ~refraction and reflection! by particles, of irregular shape

FIG. 9. Measured angular~b! distributions of the peak~a! and
background~b! in the scattering spectra~symbols!. The amplitude
of the peak was measured from the level of the background
u50°, 12°, and 20°. The position of the peak~a! is varying between
600 and 625 nm for differentu andb @seeb dependence foru50°
in Fig. 8~a!#. The level of the background~b! was measured at 65
nm ~the results are, however, independent of the wavelength a
from the region 600–626 nm because of the flat shape of the b
ground!. The solid lines represent a Gaussian fit to the experime
data.
16521
t
d
k

or

r-

d

is

is

large compared to a wavelength,75,76rather than from diffrac-
tion or scattering by features with sizes on a wavelen
scale. In our samples, domains with irregular shape and v
large size~50–100mm! probably play the role of the large
particles. The direction of the halo~which follows the direc-
tion of illumination! is explained by the fact that the mediu
is almost transparentI zero;0.9I inc and thus the initial direc-
tion of propagation~dictated by the zero-order beam! is only
weakly perturbed upon propagation through the entire thi
ness of the material. The relatively narrow directionality
the scattering~;15°! also arises from the high transparen
of the material due to low refractive index contrast.

The additional beam, resonantly peaked at the stop b
and centered either at or close to the normal depending
the angle of incidence, has a totally different origin from th
of the background. At first sight the spectral enhancemen
or close to theu50 stop band energy is particularly surpri
ing, since suppression rather than enhancement might h
been expected at this energy and along the direction with
maximum Bragg effect~the ^111& average direction!. The
observation can, however, be understood if we take into
count some specific features of light propagation through
system of slightly misoriented crystallites.

At the resonant Bragg condition each microcrystallite
strongly reflective in the limitL;Ddom. This transforms the
propagation path into a series of forward/backward refl
tions between different domains. As a result light spend
longer time within the medium~due to the zigzag propaga
tion between the domains!. This resonantly increases th
probability of scattering as well as leading to a spread in
cone of scattered light: after a few scattering events, the
tial direction ~dictated by the zero-order beam! is ‘‘forgot-
ten,’’ and the angular distribution of scattered light fills th
entire distribution of the misorientations of the domains ir
spective of the direction of incidence. This effect of reson
‘‘dwelling’’ of light within the polycrystalline structure also
explains why the additional beam is symmetric about
normal direction, independent of the incidence angle.

An additional factor that may also contribute to the bro
directionality of the scattered light~additional beam! is con-
nected with the superprism effect,56,57 which leads to larger
angles of refraction within each domain at band-edge
quencies. Although quantitative analysis is complicated
the polycrystalline structure of the samples calculations p
formed for a single crystal predicted57 dramatic increases o
the refraction angles in the vicinity of the optical stop ban

It is interesting to note that the properties of the scatter
spectra can be deduced from analysis of the zero-order tr
mission spectra measured along different directions. The
timal conditions for scattering can be represented by the
lowing rules based on the use of the experimental param
Lexp representing the attenuation length at the center of
stop band measured along different directions:

~i! The scattering behind the sample is optimized if t
conditionLexp;D holds for the zero-order beam since in th
caseLexp@D the scattering is insignificant in compariso
with the intensity of the zero-order beam, while in the opp
site caseLexp!D, light with the midgap energy is mainly
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V. N. ASTRATOV et al. PHYSICAL REVIEW B 66, 165215 ~2002!
diffracted in front of the sample, with the result that the
will be no scattered light behind the sample.

~ii ! The overall process is optimized if not only the zer
order beam but also the light scattered in a given direc
spends longer time within the medium. This means that
have effectively a double optical resonance for the scatte
process with the density of initial~zero-order! and final~di-
rection of detection! states resonantly enhanced due to m
tiple reflections between domains. The same conditionLexp
;D is expected to hold for the scattered light.

These rules allow all the major features of the scatter
spectra for normal incidence~u50! in Fig. 8~a! to be ex-
plained. For smallb the back reflection~attenuation! of the
scattered light is given by the low-angle~u5b! zero-order
transmission spectra in Fig. 8~b!, which have stop band
nearly identical to that for the zero-order beam atu50 @com-
pare spectra 1 and 2 in Fig. 8~b!#. The attenuation of both
beams approaches the optimal conditionLexp;D near mid-
gap, thus explaining the single peak in the scattering spe
at 620 nm. For large-angle scattering~b>30°!, because of
the angular shift and weakening of the corresponding s
band (Lexp@D), see Fig. 8~b!, the final scattering has n
enhancement specific due to the increased residence
~dwelling! of the light, so the peak amplitude weakens.
this model, the spectral position of the scattering peak is t
determined by the product of the transmission spectra for
initial and final waves~for given b!: this occurs close to the
intersection point of the short-wavelength edge of the nor
incidence stop band and the long-wavelength edge of
stop band atu5b. This explains why the shift of the peak i
the scattering spectra withb is very much smaller than th
corresponding shift~at u5b! of the stop band in the zero
order transmission. The broad directionality of the scatter
then arises from the fact that good overlap between the
bands atu50 andu5b is preserved up to anglesb;20° due
to the effects of inhomogeneous broadening considere
Sec. VI. For incidence away from the normal@Fig. 7, and
Fig. 9~a!, the triangles#, the resonant scattering is still cen
tered along the directions close tob50 since in the limit of
weak Bragg attenuation (Lexp>D) we can only approach th
optical conditions for scattering for both beams in the case
scattering at directions close to normal.

This mechanism is consistent with additional measu
ments performed on samples with smaller thicknesses~down
to 30 mm! where a similar single peak was observed in
scattering spectra in the regime of weak Bragg attenua
(Lexp>D). For thicker samples~up to 1000mm! where the
regime of strong Bragg attenuation (Lexp5300 mm,D) oc-
curred, we observed transformation of the single peak in
two-peak structure. This regime of scattering can also
realized by using infiltration of the same reference sam
(D5300 mm! with cyclohexane whereLexp drops down to
60 mm. These results are considered in the following sect

C. Scattering in the regime of strong Bragg
attenuation „cyclohexane…

Scattering spectra for infiltration with cyclohexane a
shown in Fig. 10~a! for normal incidence. In the same way a
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for ethanol, the spectra display a relatively flat backgrou
due to refraction/reflection phenomena at the boundarie
‘‘big’’ particles with irregular shape. The intensity of scatte
ing is, however, stronger and the directionality of the ‘‘halo
is broader due to the larger refractive index contrast co
pared with ethanol.

The resonant behavior is particularly interesting since
stead of a single peak, we now observe several resonant
tures in the stop band region. At small angles (b;10°) we
observe resonant enhancement of scattering at the stop
edges~peaks at 610 and 640 nm! with significant suppression
of intensity at the midgap energy~dip at 625 nm!, as seen by
comparison with the zero-order transmission spectra in F
10~b!. With increase of the scattering angle up tob;30°, the
dip and the long-wavelength peak weaken, with the sh
wavelength peak at 610 nm increasingly dominating the s
tering spectra.

Integration of the scattering spectra over allb leads to
overall scattering spectra with two peaks at the stop b
energies similar to the spectral form of(I behind deduced in
Sec. VI from the difference between the zero-order transm
sion and the angular-resolved diffraction spectra shown
Fig. 6~c!. The mechanism of resonant enhancement of s
tering at the band edges is likely to involve both effec
mentioned in the discussion of the ethanol data:~i! longer
residence time of the light within the polycrystalline stru
ture due to multiple reflections between the domains lead
to enhanced scattering, and~ii ! the superprism effect in the
individual microcrystallites56,57 leading to scattering at large
angles where the transmission is improved.

FIG. 10. ~a! Experimental scattering spectra for normal inc
dence~u50°! and various scattering anglesb from 9° to 36° in the
case of infiltration with cyclohexane.~b! Zero-order transmission
spectra for various angles of incidenceu from 0° to 35° in the case
of cyclohexane.
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INTERPLAY OF ORDER AND DISORDER IN THE . . . PHYSICAL REVIEW B 66, 165215 ~2002!
The shape and angular evolution of the scattering spe
in cyclohexane can be explained by analysis of the an
dependent transmission data in Fig. 10~b!, in the same way
as performed for ethanol in the previous subsection. T
main difference compared to the ethanol case in Fig. 8 is
very strong attenuation of the zero-order beam at the ce
of the normal-incidence stop band~only ;1% transmission!.
For this reason in the limit of smallb where the stop band
for the zero-order beam and scattered waves almost coin
the propagation lengths are very small (Lexp!D), and most
of the incident light is reflected back out of the sample bef
multiple scattering can occur. However, at the edges of
stop band the optimal condition (Lexp;D) can be met for
both initial ~zero-order! and final~scattered! waves, thus ex-
plaining the two scattering peaks, separated by a dip, wh
are observed in the experimental spectra. The angular ev
tion of the scattering spectra in cyclohexane can also be
derstood in this way. Forb.30° due to the strong shift of th
stop band for the outgoing wave~at u5b!, the condition
Lexp;D can be met for both waves simultaneously only
the short-wavelength edge of the stop band at normal i
dence, leading to a single peak in large-angle scattering

In conclusion different regimes of scattering can be c
trolled not only by using various liquids of differing refrac
tive indices but also by changing the thickness of the sam
In our experiments we realized the transition from strong
weak Bragg attenuation by reducing the thicknessD in the
case of infiltration with cyclohexane. By using a wedg
shaped sample we found that the two-peak structure in sm
angle scattering spectra~Fig. 10! gradually evolves into a
single peak for sample thicknesses smaller than;60 mm.
The position of this peak was found to be well correlat
with the center of the stop band at normal incidence, sim
to the case of scattering in ethanol considered in Sec. VI

VIII. SUMMARY

The optical properties studied in this paper are determi
in a fundamental way by the polycrystalline structure of t
samples. The origin of the polycrystallinity is intimately r
lated to the growth techniques of sedimented opals. Th
properties are extremely common for a variety of se
assembled materials including synthetic and natural prec
opals, opaline thin films, and colloidal crystals. It also occ
in self-assembled materials synthesized by different
proaches such as block copolymer systems and biolog
self-organized systems. For this reason we believe the re

*Author to whom correspondence should be addressed. Electr
address: astratov@uncc.edu
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of this work are relevant to studies of a wide variety
materials whose properties are determined by the interpla
order and disorder effects.

In photonic crystalline optics, propagation phenomena
usually considered for plane waves coherently scattered
diffracted by the periodic structure.77 In contrast in disor-
dered media the propagation of light was traditionally co
sidered as an entirely different problem of incohere
scattering75,76 on various particles and structural imperfe
tions. In this paper we show that in self-assembled opals
to their polycrystalline structure both mechanisms of tra
port coexist, and exhibit a complex interplay in the vicini
of the stop band where ballistic propagation is resonan
suppressed. We have developed a combination of experim
tal techniques, based on simultaneous investigation of
spatial and spectral characteristics of the diffracted and s
tered light, to understand the observed phenomena. This
cludes angle-resolved spectroscopic measurements for a
rections in space, analysis of the balance of photon flux
and establishing links between the shapes of the stop b
features in different types of spectra~diffraction, transmis-
sion, and scattering!. These techniques provide a powerf
tool to characterize large areas of such materials, revea
information on the size and orientation of the domains a
their photonic band structure.

The principal effects studied in this paper are~i! angular
dispersion of stop bands in diffraction spectra,~ii ! inhomo-
geneous broadening of the stop band in zero-order trans
sion, and~iii ! effect of resonant enhancement of scattering
the stop band energies. We show that these effects are
nerically linked and should be observable in a wide class
self-assembled photonic crystals. The resonant enhance
of scattering in polycrystalline photonic crystals observed
this work is of interest for emission and laser applicatio
Due to the special type of optical feedback provided by
multiple reflections from the domains, these properties
be considered as a natural precursor for the photonic ba
edge lasing in such materials.
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