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Manifestation of intrinsic defects in optical properties of self-organized opal photonic crystals

Yu. A. Vlasov,* V. N. Astratov,† A. V. Baryshev, A. A. Kaplyanskii, O. Z. Karimov,‡ and M. F. Limonov
A. F. Ioffe Physical-Technical Institute, 194021, St. Petersburg, Russia

~Received 19 August 1999!

Self-organized synthetic opals possessing a face centered cubic~fcc! lattice are promising for fabrication of
a three-dimensional photonic crystal with a full photonic band gap in the visible. The fundamental limiting
factor of this method is the large concentration of lattice defects and, especially, planar stacking faults, which
are intrinsic to self-assembling growth of colloidal crystal. We have studied the influence of various types of
defects on photonic band structure of synthetic opals by means of optical transmission, reflection and diffrac-
tion along different crystallographic directions. We found that in carefully chosen samples the stacking prob-
ability a can be as high as 0.8–0.9 revealing the strong preference of fcc packing sequence over the hexagonal
close-packed~hcp!. It is shown that scattering on plane stacking faults located perpendicular to the direction of
growth results in a strong anisotropy of diffraction pattern as well as in appearance of a pronounced doublet
structure in transmission and reflection spectra taken from the directions other than the direction of growth.
This doublet is a direct manifestation of the coexistence of two crystallographic phases—puref cc and strongly
faulted. As a result the inhomogeneously broadened stop-bands overlap over a considerable amount of phase
space. The latter, however, does not mean the depletion of the photonic density of states since large disordering
results in filling of the partial gaps with both localized and extended states.

PACS number~s!: 42.70.Qs, 82.70.Dd, 61.72.Nn, 42.25.Bs
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I. INTRODUCTION

Significant attention has been paid recently to vario
routes for fabrication of artificial dielectric microstructure
called ‘‘photonic crystals’’@1#. These materials consist of
periodic repetition of dielectric elements~‘‘atoms’’ of the
structure! in analogy to the way atoms form the lattice
usual solids. Light with a wavelength close to the period
the photonic crystal will bounce between these ‘‘atoms
interfere and totally reflect back. Light of other colors w
pass through. Such selective filtering is known as a ‘‘pho
nic band gap’’~PBG!—the range of wavelengths, which ca
not propagate through the photonic crystal due to inter
ence. Although the initial ideas were introduced more tha
decade ago, the experimental studies of optics of photo
crystals, which are important for both fundamental and
plied physics are, however, still at the beginning. This
dictated mainly by serious difficulties encountered by
day’s technology in production of the three-dimensiona
periodic solid with the ‘‘atom’’ size of the order of the wave
length of visible light.

Self-organization of spherical colloidal microparticles h
been proposed as a possible route to create PBG cry
@2–14#. As in a natural gemstone opal@15#, such artificial
structures are formed from submicron glass or polym
marbles self-assembled during sedimentation onto a
centered cubic~fcc! lattice. Relatively low refractive index
contrast of the bare opal does not allow large perturbati
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of the photonic density of states~DOS! @4# necessary for
opening of an omnidirectional PBG. Fortunately the mate
is shown to be technologically very flexible. It is feasible
increase the refractive index contrast in opals by filling of t
interstitials with a semiconductor material@7,16,17# or by
making opals from semiconducting spheres@18#. The possi-
bility to vary the volume packing fraction of the spheresb in
opal lattice fromb50.74 to unity by controllable sintering
@5,19# complement this list.

Initial estimations @5,7# have shown that photonic
‘‘pseudogap’’ ~strong depletion of photonic DOS betwee
the lowest lying zones in fcc lattice@20#! or higher order
complete omnidirectional photonic band gap@21# can be
achieved in opals with ‘‘air-spheres’’ type of lattice, whe
the refractive index of the spheresna is much smaller than
refractive index of interstitialsnb . The required parameter
for opening of PBG were estimated asnb /na52.5 andb
50.86 larger than the close-packed value. Further rigor
theoretical calculations confirm that omnidirectional PBG
deed opens in such ‘‘inverted opals’’ for similar paramete
@22,23# (na /nb52.85 for b50.74 with a tendency of in-
crease of the gap size with increasingb).

These predictions stimulate intense recent experime
studies of various routes for fabricating of ‘‘inverted opals
The periodic opal lattice is used as a scaffolding for hi
refractive index materials like titanium dioxide@24#, graphite
@25#, or semiconductor quantum dots@26#. After removing
the microspheres from the structure the refractive index c
trast can be increased to values high enough for opening
a complete photonic band gap. Thus it has been shown
self-assembly of colloidal microspheres, being very che
and relatively easy method, can successfully compete w
more sophisticated methods of production of photonic ba
gap crystals for visible wavelengths, like reported recen
micromachining of a 3D crystal of silicon logs@27#.

The method of self-organization, however, possesses
eral intrinsic difficulties, which can significantly narrow it
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applicability. One of the fundamental limiting factor of th
method is the large concentration of various type of defe
which are intrinsic to self-assembling growth of colloid
crystal. Indeed, as it was shown theoretically for the simp
model of hard noninteracting spheres@28,29#, the thermody-
namically stable crystalline phase appears to be fcc. The
energy difference between hexagonal close packed struc
~hcp! and fcc is found, however, to be only about 1023kB per
sphere@28–30#. This results in generation of a large numb
of plane stacking faults, which can be characterized b
stacking probabilitya. For a hcp structure withABAB•••
sequence of the close-packed layersa50. For a fcc structure
with ABCABC••• sequencea51. Stacking faults are usu
ally generated in a plane of growth and are characterized
a random error in a layers sequence such
ABCABABC••• and intermediate values ofa. Early studies
of natural opals@15#, as well as more recent studies of co
centrated dispersions@31,32#, indicate that the most commo
type of structures belong to random hexagonally clo
packed~rhcp! with a50.5, although some rear samples e
hibit purely fcc packing@15#. Studies of colloid crystalliza-
tion in microgravity conditions reveal the significant role
gravity as a driving force toward the fcc structure@33#. The
analysis of light diffraction patterns of sedimented colloid
crystals also reveal the tendency towards fcc witha rising up
to 0.8 with the increase of the time of crystallization@31,34#.
Recent calculations@35# confirm the possibility of spontane
ous transformation of millimeter-sized rhcp to fcc structu
on a time scale of months.

In view of above it is not surprising that sedimented c
loidal crystals obtained in different laboratories, exhi
strikingly different optical properties. Generally speaking t
situation in the field seems to be very analogous to the e
days of the physics of semiconductors, with which photo
crystals are most commonly being compared. As is kno
the early studies of semiconductors were retarded by the
treme sensitivity of the electronic and optical properties
sample-dependent concentrations of impurities and defe
The semiconductors were viewed as a family of solids w
irreproducible properties@36#. Efforts of several generation
of scientists transform this difficulties into very success
technology of controllable doping. Here we present the fi
attempt to study the influence of various types of defects
photonic lattice of opals on their photonic band structure
means of optical transmission, reflection, and diffraction. W
show that stacking faults are indeed the most common
unavoidable type of defects in synthetic opals, wh
strongly affect their optical properties. Therefore it is impo
sible to draw any conclusions on photonic band gap rela
effects in opals without careful measurements of the conc
tration of different types of defects and the knowledge
their influence on optical properties of opal. Analysis of o
tical data allow us to distinguish the contribution of differe
type of defects to overall optical response of the opal pho
nic crystal. It is shown that under favorable conditions sy
thetic opals crystallize preferentially in a fcc lattice witha
up to 0.8–0.9 on average. In the best cases the domain
of such a single three-dimensional~3D! crystallite exceeds
the 200mm scale—large enough to perform optical expe
ments on a single ‘‘defect-free’’ photonic crystal@37#.

The paper is organized as follows. Section II describes
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growth of the samples and their structural characterizat
In Sec. III we present the results of transmission and refl
tion measurements performed along@111# direction of
growth. Section IV describes the transmission and reflec
along directions other than@111#. Section V is devoted to the
results of diffraction measurements. Finally we come to c
clusions in Sec. VI.

II. SAMPLE PREPARATION AND CHARACTERIZATION

A. Growth and preparation of the samples

Most of the samples of synthetic opal used in this stu
were purchased commercially@38#. Additionally, in order to
study the physics of crystal formation we fabricated seve
samples using well known technological procedure@39#,
with slight modifications reported by a manufacturer@38#. At
first the monodisperse suspensions of SiO2 spheres with
mean diameterd of about 200–400 nm were synthesized
Stöber method@40#. Dynamic light scattering and electro
microscopy measurements show that the standard devia
d of the spheres diameter can be made as low as 2–3 %
each suspension. After synthesis the spheres were re
pended in DI water and the suspension was left undistur
in a cuvette for a prolonged period~usually about severa
months!. The volume fraction of the spheres in the suspe
sion in sedimentation experiments was much lower th
50%—the critical value reported for freezing transition@41#.
These conditions imply the nearly hard-sphere interact
potential @42#. The spheres sedimented slowly driven
gravity at a velocity defined by a Stokes law and accum
lated near the bottom of the cuvette in a dense fan. T
Peclet number Pe5mbgR/kT, wheremb is the buoyant mass
of a sphere of radiusR, which describe the balance betwee
diffusion and sedimentation, is very small for this condition
typically about 1025. Corresponding Stokes velocity of sed
mentation is of the order of 1026 cm/sec. The sedimentatio
of the spheres in a dense fan is estimated to be much slo
velocity being significantly smaller than the rate of on
dimensional crystallization~the latter being of the order o
1027 cm/sec for spheres with diameter 200–400 nm@43#!.
Under these conditions the spheres settling down onto a
quartz substrate are self-organize in a three-dimension
periodic structure@43#. Finally the ordered sediment is an
nealed at hydrothermal conditions in closed volume to p
vide hardness and to obtain self-supporting solid samp
with dimensions in a cm range@39#.

The lattice parameter in the crystalline sediment is of
order of the wavelength of visible light. Therefore the dri
and annealed samples grown under the conditions descr
above possess bright iridescence with colored grains
longed along the growth direction. Since the size of vario
defects of the lattice is larger than the lattice constant,
defect structure can be examined using an optical mic
scope or even visually. Scattering on the surface roughn
as well as on the defects in the bulk of the sample result
a white milky background. Usually the growth direction
perpendicular to hexagonal close-packed layers and ca
referred to as@111# in fcc notation~@0001# in hcp!. These
layers give the brightest color in diffraction at a longe
wavelengths possible for a given lattice parameter@15#. The
size of iridescent grains as observed in optical microsc
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can vary from very tiny to the scale up to a mm range. Th
grains can be viewed as individual crystallites with sligh
different orientation. This results in different colors seen u
der some fixed angle to the growth plane. Sometimes
orientation of the grains is correlated to produce a sin
color and they can be regarded as a domains within a si
large crystal. Although the standard deviation of the sil
spheres used for opal synthesis is usually below 5%, the s
sedimentation leads to further size separation of the sphe
The lowest layers are composed, therefore, of a spheres
a larger diameter than the upper layers. At the edges of
cuvette the strongly faulted structures can be found, wh
occur as a result of the influence of the cuvette surface. T
can be detected under optical microscope as a thick laye
different colors.

In order to minimize the contribution of these visual
seen inhomogeneities the initial annealed chunks were cu
a diamond wheel saw on several parallel plates with a b
surface perpendicular to growth direction and each plate
carefully examined under optical microscope. In view
above we chose for our experiments the parts of these p
~typically of 10310 mm lateral dimensions and thickness
1–2 mm! cut far from the edges of the cuvette, which exhi
single grain color for a given angle to a@111# planes. In what
follows we will discuss only such carefully chosen sampl

B. Electron microscopy characterization

Scanning electron microscopy~SEM! was used for direct
characterization of photonic lattice of synthetic opals. T
SEM images were obtained at Hitachi SEM-2700 mic
scope operating at 10–15 kV. To avoid charging the sam
were coated with a thin metal and/or carbon layer. Figur
displays typical SEM images taken from the different fac
of one of the sample~sample GR!. Typical surface produced
by a cleaving of the sample is shown in Fig. 1~a!. The
cleaved edge exposes several planes of spheres, which c
identified as@21121#, @001#, @011#, and@111# surfaces of a
fcc crystal. The orientation of the specific directions alo
each of the plane can be traced for distances as larg
100–200mm giving the lower limit of the grain size. Top
surface of the as-grown sample@see Fig. 1~b!# reveal hex-
agonal packing characteristic of@111# planes with monolayer
step terraces. Analysis of the sphere packing in several
races revealABCABC••• sequence of the layers typical fo
fcc structure. Figure 1~c! presents the image of the samp
surface nearly perpendicular to the@111# plane of growth.
The pattern of spheres packing is characteristic for the@110#
fcc plane.

All these observations allow to describe the sample a
single crystal with a mostly fcc structure in accord with pr
viously published data@5,19#. Close examination, howeve
reveals numerous defects of the structure. For@111# orienta-
tion of the sample the most visible types of defects are
cancies and interstitials similar to that seen in Fig. 1~b!. The
total in-plane density of such point defects varies in differ
samples, however, typical value is estimated as ab
107 cm22 or 1 defect per 100 unit cell.

Among other types of structural defects these are dislo
tions and plane stacking faults, which are most commo
observed along the directions perpendicular to the direc
of growth. The most simple type of stacking fault is a sing
e
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~or intrinsic @44#! hexagonal triplet of the type
ABCABAABC•••. When viewed on one of the~100! sur-
faces, this fault give rise to two rows of hexagonal packi
in the otherwise square packed plane with a step on the
face along the fault line. Although such defect can also
observed on a~111! growth plane@see arrow in Fig. 1~b!# it
does not usually extend over distances larger than few ten
unit cells. In the planes perpendicular to growth directi
such defect can extend over several thousands of laye
behavior expected for one-dimensional growth model@43#.
More complicated double~or extrinsic! hexagonal triplet
(ABCABACABCABC•••), twinning (ABCBACBACB•••)
or even the whole patch of hexagonal packings form a ch
acteristic pattern of irregular kinks in the~110! plane perpen-
dicular to the~111! growth plane. It has been suggested@45#
that calculating the average number of the kinks per u
length can give an estimate of the stacking probabilitya. We
used this method in our samples and found thata strongly
depends on the averaging volume. Indeed, the areas ca
found along the~110! plane@similar to that presented in Fig
1~c!#, which are absolutely free from such kinks over hu
dreds of unit cells. The heavily faulted areas can also
easily found, especially in as-grown chunks. As it was m
tioned above for optical measurements the parts of the in
chunks, free from these heavily faulted areas were caref
chosen under optical microscope. The SEM measuremen
a on such selected samples gives the values up to 0.8
indicating strong preference of fcc packing.

C. Orientation of the samples

Since the samples chosen in such a way can be rega
as single crystals~although strongly faulted! then it appears

FIG. 1. SEM images of the opal sample GR.~a! Several differ-
ent planes of a fcc lattice are exposed on the cleaved edge o
sample. ~b! Image of the as-grown surface of the samp
Monolayer-step~111! terraces are seen. Arrow shows intrins
stacking fault.~c! Surface of the~110!-oriented sample.
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to be possible to define the orientation of their principal cr
tallographic axis. The only one direction knowna priori for
as-grown samples is the@111# direction of growth. In order
to identify the orientation of the principal crystallograph
planes relative to the sample faces we use the SEM ima
obtained from the sample faces perpendicular to each o
similar to that presented on Figs. 1~b! and 1~c! for the sample
GR. To identify other main crystallographic directions w
controlled the orientation of SEM images relative to t
faces of the sample. Two different samples obtained in
ferent technological cycles were examined: the sample
with fcc lattice constanta5289 nm, which displays brigh
blue color and the green sample GR witha5356 nm. The
structural parameters of the samples determined by elec
microscopy are summarized in Table I. After orientati
each of the sample was sawed into three smaller pieces
~111!, ~110!, and ~100! orientation of the base plane. Th
error of the orientation of the base planes lies within65°
interval defined by uncertainty of the cut direction.

III. REFLECTION AND TRANSMISSION ALONG
THE †111‡ DIRECTION OF GROWTH

The transmission spectra were measured using a s
described in detail elsewhere@7,46#. The incident white light
beam is produced from an incandescent lamp. In orde
minimize the contribution of the spurious diffusely scatter
background to the detected signal, the incident beam
highly collimated ~divergence less than 200 mrad!. The
sample is illuminated through a fixed 100mm diameter dia-
phragm placed immediately before the sample, thus defin
the probing area. To decrease significantly the incohe
scattering on sample surfaces the sample was immersed
water/glycerin mixture. In this situation the pattern of tran
mitted light is mainly composed of zero-order ballistica
transmitted beam surrounded by a weak diffuse halo. Tra
mitted light is collected in the direction of incidence within
very narrow angular cone defined by a second diaphra
which transmits a zero-order beam only. This light is th
dispersed with a double, 1.5 m base monochromator~0.5 nm
spectral resolution! and recorded by a photomultiplier. Re
flection in a nearly backward direction was measured usin
small mirror, which limits the smallest incidence angle
about 5 degrees off the normal to the base surface.

Figure 2 summarizes the reflection and transmission s
tra taken from the~111! oriented piece cut from the gree
sample GR. Transmission spectra exhibit the strongly atte
ated @111#-photonic gap centered in the vicinity of 557 n

TABLE I. Parameters of the samples used in experiments.

Sample BL GR

a (nm) 289 356
b 0.78 0.78
@111# gap (c/a) 0.62 0.64
@110# gap (c/a) 0.68 0.67
@10210# gap (c/a) 0.60 0.59
@100# gap (c/a) n/m 0.73
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@spectrum 1 in Fig. 2~b!#, which is accompanied with a
single intense line in reflection spectrum centered at the s
spectral position. The transmission and reflection spe
taken from~111! oriented piece of the sample BL are ve
similar to that of the sample GR except that the@111#-
photonic gap is shifted to the 465 nm because of the sma
lattice constant. The attenuation at the center of the@111# gap
is very sensitive to the refractive index of the interstitialsnb ,
which allows us to determine the refractive index of t
spheresna by index matching technique@5,7#. For example,
the@111# gap practically disappears in transmission spectr
of the sample GR when the sample is immersed in metha
which corresponds tona'nb'1.32. For the sample BL the
na is estimated as 1.37.

To compare spectra obtained on different samples hav
different lattice constants and different thickness it is use
to present data in some common normalized units. The
quency can be normalized to units ofc/a—the speed of light
c divided by the fcc lattice constanta. Since attenuation a
the frequencies of a@111# photonic gap in synthetic opal
depends exponentially on the sample thickness@5,7,46#, it
can be normalized to units of cm21 of the inverse attenuation
length j21, defined asj2152 ln(I/I0)/D, where D is a
sample thickness. Figure 3~a! represents the experiment
transmission spectra for both samples GR and BL plotted
normalized units ofc/a and j21 for the case ofnb51.47.
The center of the@111# gap for BL sample corresponds t
n50.62 with attenuation of 300 cm21. The @111# gap in the
sample GR is shifted to higher frequencies ton50.64 and
the maximum attenuation is increased to about 470 cm21,
reflecting a decrease of the average refractive index and
crease of refractive index contrast.

FIG. 2. Reflection~a! and transmission~b! spectra of the@111#-
oriented sample GR immersed in glycerin (nb51.47). The sample
thickness is 200mm. Transmission spectra 1–5 were measured
angles of incidence0°,20°,30°,40°,54°. The angle is scanne
along theL-X direction of fcc BZ. Dotted line shows the Rayleig
scattering contribution.
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5788 PRE 61YU. A. VLASOV et al.
Figure 3~b! represents transmission spectra along
@111# direction in opal photonic lattice calculated using t
analytical model@47# based on a simple one-dimension
approach in a scalar wave approximation, which gives qu
tatively correct results for the dispersion at high-symme
points asX and, especially,L in a fcc Brillouin zone, where
a single lattice scattering component dominates. Compar
of Figs. 3~a! and 3~b! reveals that the experimentally ob
served gap widths are about 5 times larger than calcula
At the same time the calculated attenuation@Fig. 3~b!, spec-
tra 1,2# at the center of the gap for both samples BL and G
is roughly an order of magnitude larger than the experim
tally measured attenuation of 300 and 470 cm21 @Fig. 3~a!,
spectra 1,2#. Recently it was argued that such broadening a
smoothing of the photonic gap is strongly inhomogeneou
its origin and can lead to light confinement on the structu
defects@46#. Consider only one type of defects, which is
unavoidable source of disorder in opal-like self-organiz
photonic lattices—the deviationd of the spheres diameters
which in the case under consideration was measured t
aboutd'5%. This results in the same value of the deviati
of the lattice constanta5dA2. The latter being compare
with the calculated normalized width of the@111# stop band
Dl/l0 in ideal defect-free opal photonic lattice can be t
measure of the influence of disorder on the transport pro
ties of photonic crystals@46#. For the present case, as it
seen from calculations presented in Fig. 3~b!, the Dl/l0 is
about 1%. This means that local fluctuations of the photo
band edges are larger than the bandgap width itself, wh
can result in building up of a strongly confined photon
states@46#. In this condition the edges of the drop in tran
mission are no longer correspond to the eigenfrequencie

FIG. 3. ~a! Transmission spectra of the@111#-oriented samples
BL ~spectrum 1! and GR ~spectrum 2! immersed in glycerinnb

51.47. The attenuation is corrected for Rayleigh scattering.~b!
Calculated transmission spectra for^111& direction of incidence on
the samples with the following parametersna51.37 ~line 1! and
na51.32 ~line 2!. Note an order of magnitude difference in th
scales of they axis in ~A! and~B!. Frequency is plotted in normal
ized units ofc/a, wherec is a speed of light,a is a lattice constant.
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the photonic bands. In practice this implies that the conv
tional recipe of the experimental determination of the ed
of bands as frequencies where the transmission sudd
drops or recovers is no longer valid. Well defined spec
features at frequencies of the@111# gap, however, means tha
the structure still can be considered periodic-on-average
lowing to determine the position of the center of the g
along given direction of propagation.

IV. REFLECTION AND TRANSMISSION ALONG
DIRECTIONS OTHER THAN †111‡

The most simple method used frequently to probe
band structure of photonic crystals is transmission and
reflection as a function of the angle of incidence to a@111#
surface of the sample@4,8–14,16,17,27#. It should be com-
mented however that along with the problem of the inhom
geneous broadening, which constitutes a general factor c
plicating such measurements, the conclusions drawn f
such experiments are inevitably limited in their scope
several other factors specific for the geometry of obliq
incidence@5,48,49#.

First is the refraction at the crystal surface@48#. Figure
2~b! displays a set of transmission spectra measured at
lique incidence to~111! oriented piece of the sample GR.
can be seen that the changes of the incidence direction
@111# results in a substantial blueshift and broadening of
stopband. The spectrum 5 in Fig. 2~b! corresponds to the
angle 54° off normal to@111# direction, which corresponds
to a wave vector changing in theG-X direction of the fcc BZ.
In the vicinity of band edges, however, the normal comp
nent of the wave vector is unknown, that implies the unc
tainty in the value of the angle of refraction and, correpon
ingly, the direction in the BZ. Thus the band edges, defin
from experimental transmission spectra as the frequen
where the transmission suddenly drops down and then r
up again, do not necessarily fall at the same cross-sectio
the photonic BZ.

Secondly, recent theoretical calculations for fcc colloid
crystals @49# have shown that there exists another fact
which makes such measurements questionable. It has
shown that several bands are excited under oblique an
and, therefore, the attenuation is defined by contribut
from several imaginary wavevectors corresponding to diff
ent directions in the BZ. Although the resulting transmissi
curve does exhibit a well pronounced dip, the edges of
latter, however, have no longer represent the eigenfrequ
cies of the bands. Thus neither the direction in the BZ,
the band edges can be uniquely derived from measurem
of transmission~reflection! under oblique incidence@50#. At
most such measurements can be used for qualitative est
tion of the amount of phase space where the stop bands
different directionsdo not overlap. For example, it can b
seen from Fig. 2~b! that the sample become transparent
wavelengths around 520 nm when the angle of incide
become larger than 54°.

To avoid these difficulties we used the advantages offe
by normal incidence geometry. This method, proposed by
recently @5#, requires a set of samples with differently or
ented base planes. Under normal incidence the edges o
stopband in transmission~reflection! spectra correspond to
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one and the same direction in the BZ. In order to study
photonic band structure we used the different pieces of
samples GR and BL oriented using SEM and TEM, wh
were sawed along different crystallographic directions. Th
under normal incidence to a given facet, the orientation
the corresponding facet plane of the sample uniquely fi
the direction of the wave vector.

A. †100‡ direction

The ~100! oriented pieces were sawed out from the m
samples under the angle of 54° to their^111& growth axis
according to data derived from TEM and SEM images. F
ure 4 represents transmission and reflection spectra tak
normal incidence to~100! oriented piece of the sample G
with nb51.475. Under normal incidence to~100! plane the
wave vector direction is fixed to theG-X direction in a fcc
BZ. Since the pointL is the nearest to the center of a fcc B
therefore the spectral position of theX-photonic gap should
correspond to the frequency higher thanL-photonic gap. The
calculations of the photonic band structure near the poinX
give position of the gap center asn50.74 for the same set o
parameters used previously. Indeed in transmission spec
in Fig. 4~b! the relatively small and very broad drop can
seen with a minimum blueshifted with respect to the@111#
gap ton50.72– 0.73. Therefore it can be supposed that
minimum in transmission is defined mainly by Bragg sc
tering off ~100! parallel planes.

Reflection spectrum presented in Fig. 4~a! displays double
peak structure with high-frequency peak position atn
50.73 roughly the same as the minimum in transmissi
This confirms the assignment of the minimum in transm
sion spectrum atn50.73 to Bragg scattering off the~100!

FIG. 4. Reflection~a! and transmission~b! spectra of the@100#-
oriented piece of the sample GR immersed in glycerin (nb51.47).
The attenuation is corrected for Rayleigh scattering. Frequenc
plotted in normalized units ofc/a, wherec is a speed of light,a is
a lattice constant.
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fcc planes. The attenuation length at the minimum of
@100# gap can be estimated as 120 cm21. Such relatively
small attenuation with respect to that measured for the@111#
gap can be explained by smaller diffraction efficiency
~100! planes. However, the width of the drop estimated fro
Fig. 4~b! as 16% of its central frequency is at least twi
larger than the width of the@111# gap and the transmissio
signal is worse recovered at high-frequency edge of the@100#
drop. The calculations showed that the width of the@100#
gap should be much smaller than@111# and for parameters o
the sample under consideration should not exceed 0
value @23#.

These observations give evidence for much higher c
centration of lattice defects along^100& direction in compari-
son with that along thê111&, which are responsible for larg
broadening of the@100# gap. Assuming that@100#-oriented
sample was sawed along the direction other than the di
tion of growth it can be supposed that these are stack
faults parallel to~111! planes, which are responsible for ob
served behavior. Below we will address this question a
will show that appearance of additional peak in reflection c
also be explained by contribution from plane stacking fau

B. †110‡ direction

The @110#-oriented pieces were sawed by a diamo
wheel saw from the main samples GR and BL with their ba
plane parallel to thê111& growth axis. Under normal inci-
dence to a~110! plane the wavevector is changed inG-K
direction in a fccBZ. Spectrum 3 in Fig. 5 represents tran
mission spectrum taken at normal incidence to the@110#-
oriented piece of the sample GR fornb51.33. Spectrum ex-
hibit a very broad drop with a minimum located at frequen
n50.71 higher than the@111# gap, as expected. The atten
ation at the center of this drop can be estimated as 140 cm21.
Increase of the refractive index of the pores tonb51.475
~see transmission spectra 1 and 2 in Fig. 5, measured at
ferent polarizations of incident light! results in a redshift of
high-frequency drop ton50.67 and in increase of attenua

is

FIG. 5. Transmission spectra of the@110#-oriented piece of the
sample GR. Spectra 1 and 2 were measured from the sample
mersed in glycerin (nb51.47) for polarizationsEi^100& and
Ei^110&, correspondingly. Spectrum 3 corresponds tonb51.33.
The attenuation is corrected for Rayleigh scattering. Frequenc
plotted in normalized units ofc/a, wherec is a speed of light,a is
a lattice constant.
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tion at its center to 160–180 cm21—behavior analogous to
that found for the@111# gap. According to full-vector 3D
calculations@23# of photonic band structure of fcc lattic
with analogous parameters as studied here, the width of
K gap should indeed be larger and, correspondingly, the
should be deeper than theX gap. Comparison of the corre
sponding data indeed reveals increased efficiency of Br
scattering along@110# direction with respect to@100# ~com-
pare attenuation of 180 cm21 for the @110# gap with
120 cm21 for the @100# gap!. In view of above the high-
frequency drop in transmission spectra atn50.67 can be
attributed to Bragg scattering on the main period along
^110& direction defined by the interplanar distance betwe
~110! fcc planesD110 ~for BL sampleD1105204 nm and for
GR D1105252 nm).

Although these observations allow to ascribe the obser
drop in transmission to the@110# gap of fcc structure, the
spectra, however, resemble the same broadened shape a
observed for the@100# gap. The width of the@110# gap is,
indeed, too broad to be explained only by coherent scatte
on a periodic lattice~the width about 1% is expected@23#!.
The doublet structure analogous to that observed in reflec
spectra for@100# orientation can be clearly seen also in tran
mission spectra of the@110#-oriented sample. Additiona
shoulder appears at lower frequencies aboutn50.59 with a
sizable attenuation nearly twice as small as for the high
quency main drop.

The similar doublet structure appears also in transmiss
spectra measured at normal incidence to the@110#-oriented
piece of BL sample. The high-frequency drop atn50.68 and
the low-frequency shoulder atn50.60 with values of attenu
ation comparable to that of GR sample can be seen in spe

FIG. 6. Transmission spectra of the@110#-oriented piece of the
sample BL. Spectra 1 and 2 were measured from the sample
mersed in glycerin (nb51.47) for polarizationsEi^100& and
Ei^110&, correspondingly. The attenuation is corrected for Rayle
scattering. Frequency is plotted in normalized units ofc/a, wherec
is a speed of light,a is a lattice constant.
he
ap

g

e
n

d

that

g

n
-

-

n

tra

1 and 2 on Fig. 6~b!, measured for different polarizations
This similarity in spectra of the samples that were synt
sized in different runs, possess different lattice constant
different refractive indices, reveals the inherent features
photonic band structure intrinsic to opal photonic crystal.

Similar doublet structure was also observed in reflect
spectra measured on both BL and GR@110#-oriented
samples. Reflection spectrum on Fig. 6~a! was measured a
nearly normal incidence to~110! plane of BL sample for
nb51.475. It displays double peak structure with peaks
sitions centered roughly at the same frequencies as the h
and low-frequency drops in corresponding transmiss
spectra 1 and 2 in Fig. 6~b!. Therefore, not only the high
frequency drops, but also the low-frequency ones in tra
mission spectra of~110! oriented pieces of both samples a
defined mainly by Bragg scattering. Note that the lo
frequency less pronounced feature is centered at surprisi
low frequenciesn50.60 ~sample BL! and n50.59 ~sample
GR!, even lower than the positions of the correspond
@111# gaps. Thus these features correspond to scattering
another periodic scalel with relative interplane distance
D111/ l'0.9 ~compare the values 0.60/0.523 for sample B
and 0.59/0.64 for sample GR!.

In apart fromL andX photonic gaps theK-photonic gap is
expected to possess considerable polarization anisotr
since the symmetry of fcc lattice along@110# direction is
lower. Polarization dependence was measured for polar
tions Ei^100& @see spectra 1 in Figs. 5 and 6~b!# and for
Ei^110& @see spectra 2 in Figs. 5 and 6~b!# for both samples
BL and GR. The absence of any polarization dependenc
the position of the@110# gap can be clearly seen. Note th
the @100# gap does not also exhibit any substantial polari
tion dependence.

-

h

FIG. 7. Reflection~a! and transmission~b! spectra of the sample
GR immersed in glycerin (nb51.47) measured on@111#-, @110#-,
and @100#-oriented samples~spectra 1, 2, and 3, correspondingly!.
Inset shows the fcc first BZ~top! and BZ of randomly close-packe
crystal ~bottom!. Frequency is plotted in normalized units ofc/a,
wherec is a speed of light,a is a lattice constant.
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Figure 7 summarizes reflection@Fig. 7~a!# and transmis-
sion @Fig. 7~b!# spectra of the sample GR for all the dire
tions studied. This final graph is quite surprising since
shows that for some frequency range 0.62,n,0.66 the re-
flectivity due to Bragg diffraction remains very high irre
spective of the propagation direction and polarizations—
usual definition of a complete three-dimensional photo
band gap. It is a well-established theoretical result, howe
that the omnidirectional PBG is absent between the low
frequency bands in fcc photonic crystals with spherical
oms @20–23# for any refractive index contrast.

We explain these results by the presence of disorde
opal samples. In particular our experimental observati
presented above give unambiguous evidence for larger
ordering in the plane of growth and much smaller along
@111# direction of growth. It is known that usually the stac
ing anomalies have occurred along only one of the th
possible @111# stacking directions, which is in agreeme
with one-dimensional growth model@43#. It is just this@111#
direction, which is knowna priori and is used in all the
experiments published to date@4–14#. Thus these are the
plane stacking faults generated in direction perpendicula
@111# direction of growth of colloidal crystal, which are th
natural candidates for the explanation of observed behav
This structural disorder along the~111! planes can also be
responsible for the intermixing of photonic bands of differe
polarizations thus leading to smearing out the polarizat
dependence. For the fcc crystal with plane stacking faults
interplane distance for@111# direction of growth remains the
same for both hcp and fcc phases thus leading to well defi
@111# photonic gap. The interplane distance between pla
in the direction perpendicular to the@111# growth direction
can vary significantly, which can explain the larger broad
ing of the@110# gap. This model can also explain the appe
ance of the low-frequency shoulder in the transmission sp
tra located at frequencies 0.94 timessmaller than the@111#
gap. If we assume that these are~10-10! planes in a hcp
structure, which contribute to diffraction at these freque
cies, then the ratio between the position of the@10-10#-gap,
given by n10210;dA3/2, andthat of the @111#, given by
n111;dA2/A3, is n111/n1021050.94. The latter is indeed
very close to the ratio 0.92–0.96 observed experimentall
both of the samples.

V. STUDIES OF DIFFRACTION PATTERNS

The usual method used for determination of the def
structure of the conventional solids is the x-ray diffractio
By analogy the light scattering was successfully used
direct determination of the defect structure in faulted coll
dal crystals@15,31,33,34#. It is well known @51# that the re-
ciprocal lattice for randomly hexagonal close-packed str
ture consists of a hexagonally arranged infinite rods pas
through the pointshki0 and parallel to the@111#-growth di-
rection. The part which is accessible to light is restricted
these rods and the two points at 0001 and 00021 as shown
in the inset of Fig. 7. The former give origin for streaks,
which the incident white light is dispersed into the spectr
with the longest wavelength at the center of the streak@15#.
The latter give two well-defined spots, or poles—the Bra
diffraction off close-packed~111! planes common to both
t
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perfect fcc and perfect hcp structures. Thus the pattern of
light diffraction is very sensitive to the concentration of d
fects and especially stacking faults. For example the do
nance of streaks rather than spots in diffraction pattern
tained on colloidal crystal gave evidence for preference
the rhcp structure formation under microgravity conditio
@33#.

We studied the diffraction patterns on the@111#- and
@110#-oriented pieces of the sample GR. To make measu
ments the samples were placed on the axis of a cylindr
glass cell ~diameter about 3 cm! filled with glycerin (nb
51.475). The cylindrical screen around the cell was used
visualize spatial distribution of the scattered light. The co
mated incident white-light beam was produced by incand
cent lamp with collimated optics used previously in tran
mission and reflection experiments. The scattered light w
collected using a small aperture lens~less than 1° solid
angle!. The small diaphragm placed before the lens, the l
itself, and the slit of monochromator, on which the scatte
light was focused, formed the collection axis. In some of
experiments the scattered light was also focused in an op
fiber. To study the angle distribution of the intensity of sc
tered light the orientation of the collection axis was chang
gradually along chosen direction allowing to scan ang
from 20° to 85° with respect to the incidence beam.

A. Diffraction off „111… planes

Figure 8~a! represents a set of spectra of the light sc
tered off the@111#-oriented piece of the sample GR. In apa
from transmission experiments discussed above@see Fig.
2~b!#, where the orientation of the sample with respect to
incidence beam was changed, in diffraction experiments b
the orientation of the sample and the angle of incidence w
fixed to form 45° off normal to~111! plane. It is the orien-
tation of the collection axis with respect to the normal

FIG. 8. Diffraction spectra of the sample GR measured as
cussed in the text from@111#-oriented ~a! and @110#-oriented ~b!
pieces immersed in glycerin. Angle of incidence is fixed to 45° a
to normal incidence on a base plane for~a! and ~b!, correspond-
ingly. Insets represent radial distribution of the scattered inten
for separate lines in the spectra. Arrow shows the direction of in
dence. Angles are not corrected for the refraction.
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5792 PRE 61YU. A. VLASOV et al.
~111! sample plane, which was gradually changed and
spectra of the scattered light were recorded as a functio
the angleQ between collection axis and the@111# axis of the
sample. The plane of incidence thus formed is the same u
in transmission experiments of Fig. 2~b!.

A single bright colored spot diffracted at specular ang
dominated the diffraction pattern. It corresponds to Bra
diffraction off ~111! planes. The spectrum of the spot at t
angleQ545° consists of a single line centered at 507 n
that corresponds well to the position of the dip in transm
sion spectrum 4 of Fig. 2 measured with the same sam
orientation. This spot is superimposed on less intense
fusely scattered light. Figure 8~a! shows that even for collec
tion angles far from the specular reflection the diffusely sc
tered light is also colored. The single line can be found in
spectra, which changes its position from the longest wa
length at smallerQ to the shortest for larger. The polar plo
in the inset of Fig. 8~a! represents the peak intensity of th
line as a function of the angleQ. Its intensity decrease
rapidly with changing of the orientation of the collection ax
to both larger and smallerQ with the largest at the angle
around 45° corresponding to the specular reflection. S
pattern can be well explained by combination of two scat
ing channels—coherent diffraction of incident beam
~111! planes and scattering of a diffuse light, analogous
bright Kossel rings usually observed in colloidal crystals
monochromatic illumination@8,2#. A diverging source of
white light, necessary to form Kossel rings, is produc
when the incident beam is scattered from numerous def
of opal photonic lattice. The scattering of this light on~111!
planes is, however, strongly anisotropic since Bragg con
tions are satisfied at different angles and for different wa
lengths. This anisotropic Bragg scattering of diffuse light c
explain the well-defined color seen in the spectra of Fig. 8~a!
at the scattering anglesQ far from specular angles.

B. Diffraction perpendicular to the †111‡ growth direction

For qualitative measurements of the diffraction patte
perpendicular to the growth direction we used white lig
beam incident normal on@110#-oriented piece of the sampl
GR. Observation of the distribution of intensity of scatter
light on the cylindrical screen reveal diffraction pattern str
ingly different from that for@111#-oriented sample. Instea
of a single colored pole typical for@111# orientation the
fuzzy concentric rings of varying color was observed with
maximum wavelength at the center and shortest at the pe
eter. Such ringlike pattern with nearly spherical symme
also differed strongly from a streaklike pattern usually o
served in heavily faulted colloidal crystals@33# and natural
opals@15#. These observations allow to suggest that the c
centration of stacking faults in our sample is not very lar
and diffraction pattern, in analogy to interpretation of a d
fraction off @111# planes, is dominated by Kossel-like sca
tering superposed on a system of broadened Bragg spo

The results of more detailed study of angle and spec
intensity distribution are presented in Fig. 8~b!. As for the
Fig. 8~a! the orientation of the sample inside the cell w
fixed and spectra were measured as a function of the sca
ing angleQ between the collection axis and normal to t
~110! base surface of the sample. The angle scan was
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formed along the@111# direction. It can be seen that at mo
angles spectra exhibit double-peak structure. Increase o
scattering angleQ results in the blueshift of both peaks. Th
spectral shift is accompanied by the strong redistribution
the intensity between the doublet in favor of the sho
wavelength peak. Polar plot on the inset of Fig. 8~b! repre-
sents the intensity of both lines as a function of the scatte
angle. In consistence with interpretation of transmission d
of Fig. 7 the long-wavelength peak can be attributed to d
fraction from a hexagonally ordered domains, while t
short-wavelength one is originated from purely fcc pack
regions. Indeed in the nearly backward direction@see spec-
trum at 20° in Fig. 8~b!#, where the long-wavelength pea
dominates, it is centered at 590 nm (n'0.60), the value
corresponding well to that in Fig. 5. Short-wavelength pe
dominates at larger angles, where it is centered around
nm (n50.70), close to that observed in experiments in F
5.

This interpretation is consistent with the Kossel-ring p
tern expected for diffraction off@110# planes of fcc structure
superposed on that off hexagonally ordered@10-10# planes.
Indeed, the@110# fcc surface should produce four Koss
rings @pairs of~002! and~111! type# located at the corners o
a rectangle@2,8#. Such broadened by disorder rings c
mimic nearly spherical symmetry of the observed diffracti
pattern. Random hexagonally close-packed layers~as well as
pure hcp! are responsible for the maximum in the backwa
direction @15,2#. This can explain qualitatively different an
gular distributions of both lines seen in Fig. 8~b!.

VI. CONCLUSION

Based on optical and electron microscopy characteriza
we can conclude that the as-grown chunks of synthetic o
are strongly disordered. The most common type of structu
defects are the plane stacking faults concentrated in pla
perpendicular to the direction of growth. Although there co
centration is usually very high, there are areas virtually f
from them. Such areas can be described as mostly fcc si
crystals witha up to 0.8–0.9 and sizes up to several tho
sands of unit cells. Careful selection of the samples allow
to study optical properties on nearly single crystal sampl

We have studied the influence of various types of defe
of photonic lattice on photonic band structure of synthe
opals by means of optical transmission, reflection and
fraction. We found that stacking faults are responsible
large broadening and a doubletlike structure of the s
bands along directions other than@111# direction of growth.
As a result the inhomogeneously broadened stop bands
different directions and polarizations are overlapped o
considerable range of frequencies. This effect, however, d
not result in diminished photonic DOS as in the case of
omnidirectional photonic band gap, but rather in a spa
confinement of light in a large volumes of the crystal@46#.
The structure, however, can be regarded as fcc, which res
in a well-defined fcc related stop bands in the transmission
reflection and corresponding Kossel-ring-like pattern in d
fraction. This allow us to extract the information on intrins
photonic band structure of the fcc structure.
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