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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 Spéd@mation, transmission,
and scatteringis interlinked and must be studied jointly to understand optical phenomena in these materials.
The principal effects aré) angular dispersion of the photonic stop bands in diffraction spe@itfanhomo-
geneous broadening of the stop band in zero-order transmissiottiiiarappearance of very strong peaks in
the spectra of scattered light, with resonant enhancements observed with intensity Lptimes 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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[. INTRODUCTION to the textbook examples of disorder in crystalline lattices of
solid-state systems, with a scaling factor for silica spheres
Synthetic opals are self-assembled three-dimensiondhat is ~10° times larger than the size of typical atoms.
(3D) photonic crystal structures with photonic band gaps inThese include stacking fault§, dislocations, and point
the visible wavelength rande® In the same way as natural defects’’ as well as domairi&3¢° of various orientations
opals are formed, with their well-known play of coldrsyn-  and sizes. Stacking faults or random arrows in the sequence
thetic opals are formed by submicron silica spheres packedf layers along the direction of sedimentation such as
into a relatively regular fcc latticBAn attractive feature of ABCABABC... (the fcc lattice is characterized by the
synthetic opals, in comparison with their natural counterrABCABC. .. sequenceare one of the most common types
parts, arises from the possibility to use the lattice of spheresf defect, with densities reaching10% in sedimented bulk
as a template that can be infiltrated with a variety of ferro-opals® and ~1% in films a few monolayers thick. The
electric, nonlinear, and photorefractive materials, thus pereoncentration of point defects typically varies froml0 2
mitting the creation otompositedor optoelectronic appli- defect per unit cell in sedimented op&lso ~10 2 in the
cations. Recently opals were infiltrated with semiconduc+hin films2®
tors 29713 titanium dioxide!*~® graphite!’ liquid crys- The formation of domains of unknown size and
tals#9 conjugated polymer&:2! organic-inorganic layered orientatiori®*%3° constitutes a type of disorder intrinsically
perovskite$? BaTiOs, 2% chalcogenide glassé$SnS,?°and  inherent to self-assembly. The mechanism of formation of
VO,.% domains as well as of various defects in sedimented opals is
In much of this work it was realized that the photonic not very well understood up to the present time. However, it
crystal properties of the composite materials are strongly des likely that the top interface of the sediment grows by ag-
pendent on the quality of ordering of the initial opal tem- gregation of silica spheres, which after reaching the growing
plate. Best ordering can be achieved in materials that arsurface by gravity, relax to minimum potential-energy sites
only a few monolayers thick where the self-assembly ofwithin a hard-sphere interaction potentfal(This technique
spheres can be controlled by the use of pattéfiédsub-  of colloidal epitaxy differs from crystallization in thermody-
strates or by vertical deposition techniqdés>® Obtaining  namical equilibrium, which occurs in the volume of the con-
thicker materialg>10 um) typically relies on the standard centrated colloidal dispersions in normal grafft/? or in
method~° of sedimentation of spheres from suspension. Thisnicrogravity*>* conditiong. On an empirical level the or-
method, however, generatéisorderin a variety of forms. In  dering of the lattice is influenced by many factors including
general the types of disorder in sedimented opals are simildhe width of the size distribution of spherétandard devia-
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tion 3%—-5%, the concentration of the suspension, flatnesentation, and(iv) the distribution of the domain sizes and
of the substrate, the height of the sedimental. These fac- orientations is uniform not only along the sedimentation
tors lead to variable parameters of the domain structure iplane but also through the entire thickness of the sample.
different samples. It is important to stress, however, that thé>enerally speaking we selected samples comprising the best
very existence of domains in the sedimented opals with th@roperties of Bragg reflectivitynarrow stop bands from in-
sizes in the centimeter scafé is inevitablein practice in  dividual domaingwith scattering properties due to the poly-
presently available preparation techniques. crystalline structure, which is uniformly distributed through

From the theoretical standpoint the optical properties ofh® volume of the sample. We believe that these samples are
disordered photonic crystals have attracted considerable ifiyPical of most opal samples studied worldwide and that the
terest, particularly with regard to the major goals in the field®Ptical properties studied in this work are general for these
such as realization of complete photonic band ¢ag@BG) ~ Mmaterials. _ _
and strong localization of ligh The disorder leads to the = 10 @CCESS properties deFermme(t):ig by the ensemble of a
appearance of localized states in the region of the gap arld'@¢ number of domainéypically 10°— l(_)4 in our experi-
band edges thus closing the complete band“ga@B.It has mentg we studied opals infiltrated with liquids with a rela-
been theoretically showfithat in the inverted opal structure tvely small contrast of refractive index. We developed ex-
the band gap closes for fluctuation of lattice constants aB€fimental approaches that permit angle-resolved spectral
small as 2% due to the extreme sensitivity of high-frequency’e@surements of light scattered and diffracted in all direc-
bands to the presence of disorder. At the same time disorddPnS in space4r-sr solid anglé We show that in the vicin-
can helf® to achieve strong localization of light at the stop 'Y Of the stop band not only the transmitted zero-order beam,
band edges. The experimental observation of strong localizaUt &/S0 the scattered light experience strong variations of
tion phenomena is, however, made extremely difficult pelntensity and contribute markedly to the total phqton_ flux.
cause of the effects of residual absorption and the large rélVe show that the shape of the stop band features in different
fractive index contrasts required. types of optical spectrddiffraction, transmission, and scat-

Experimental studies of the effects of disorder on the Opj[ermg) is mte_rlmked and must be studied J_omtly to obtain a
tical properties of photonic crystals are rather few in numberi:omprehens_lve understanding of the optical phenomena in
partly due to difficulties in controlling} the type and amount these materials. N ,
of disorder in self-assembled materials. Most often effects e studied several effects arising from the interplay be-
related to disorder are encountered in the course of charaféen order and disorde(i) angular dispersion in diffraction
terization of the stop ban#&®®%2in zero-order transmission SPECtra caused by slight misorientation of domafinsjnho-
and reflectivity spectra. These stop bands are typically inhoM0geneous broadening of the stop band in transmission
mogeneously broadened, thus seriously complicating the dSPectra, andiii) resonant enhancement of scattering behind
termination of the band structure. In disordered materialdn€ sample of magnitude-10 times greater than the back-
overlap between stop bands measured along different dire§round level. It is shown that the mechanism of resonant
tions (the usual definition of the complete PB@ay arise enhancement is de'termlned by mgltlple mco_herent bgck—
due to inhomogeneous broadening effétis cases where a ward/forward reflections from the microcrystallites, leading
complete gap is prohibited by the limited refractive index© €nhanced residence times of photons within the scattering
contrast. In some cases this problem can be overcome edium, combined with the superprism effect in individual

- . . 6’57 . -

applying extremely high spatial resolution, so-called Sing|em|crocrystalllte55. It is shown that the spatial pattern and

domain spectroscop, allowing homogeneous linewidths in form of the scattering spectra can be deduced from analysis
the reflectivity spectra to be approached. of the set of angle-dependent zero-order transmission spectra

More directly disorder-induced properties of self- given the condition that the attenuation length of light within

assembled materials have been addressed in experimefg§ Stop band is comparable with the thickness of the sample

with built-in sources of lighf total transmissiofi2 and co-  [OF Poth transmitted and scattered waves. ,

herent backscatterid:% It was found that the propagation The paper is organized as follows. Section Il describes the

of light generated by the built-in sources arises from a comStructure of our polycrystalline samples. In Sec. Ill we de-

bination of ballistic transport(along directions away from SCribe the experimental geometry. Section IV contains gen-

the stop bandtogether withdiffuse scattering in the thin ©ral remarks about optical transport in opals. Section V is

near-surface region. However the spatial and spectral Chaﬁ:.i_evoted to d|_ffract|on properties in front of the samples. Sec-

acteristics of scattered light, as well as the role of polycrys!ion VI describes mechanisms leading to stop band broaden-

tallinity, were not studied in detail in these papers. ing in the zero-order transmission. Section VIl is devoted to
The present paper is devoted to a systematic study of thecattering bt_ahlnd_ the sample. Finally, the main conclusions

interplay of properties determined by order and disorde'® Summarized in Sec. VIII.

in the vicinity of optical stop bands in opals obtained by

standard sedimentation methods. Although they are polycrys- || b0 yCRYSTALLINE STRUCTURE OF SAMPLES

talline, the samples selected for this work were the least dis-

ordered available to us, according to the following criteria: The samples used in these studies were manufactured by

- - . .o - g g . . oy . . .

(i) domains are of significant siZ80—100um), (ii) the lat-  sedimentation of silica spheres in gravity followed by sinter-

tices of individual domains are well orderedij) the do- ing in the temperature range 800 °C—-950 °C to provide self-

mains have narrowly defined0° at mosk preferential ori-  supporting properties of the sediment due to slight mutual

165215-2



INTERPLAY OF ORDER AND DISORDER IN THE . . . PHYSICAL REVIEW B 66, 165215 (2002

penetration and fusing of spherésee details of fabrication

in Ref. 36. The mean diameter of the silica spheres varied in
different monodisperse suspensions within the range 200—
400 nm. The growth of the samples took place in cuvettes
(~10 cm diameter with a rate of crystallization~10""
cm/s. Obtaining samples with the thickness in the centimeter
range typically requires from one to three months or even
longer for the smallest spheres. Similar techniques have been
employed by many groups® to obtain bulk samples of syn-
thetic opals(for a review of fabrication techniques, see Ref.
58).

Such sedimentation techniques result in polycrystalline
domains of varying sizes, usually with face-centered-cubic
(fcc) packing or random stacking of hexagonally close-
packed plane®383°polycrystalline structure was found in
all the centimeter size samples obtained from different
manufacturers?=%! The average size, crystal quality, and
distribution of domain orientations were found to be depen-
dent on the polydispersity of spheres, velocity of sedimenta-
tion, concentration of the suspension, charging effects, flat-
ness of the substrate, and other features of the technological
process. By using a scanning electron microsc@piEM)
analysis and optical characterization of samples polished at
different depths from the top surface of the sediment we
found the following major trends in the characteristics of the
domain structure. FIG. 1. (Colon (a) Scanning electron micrograph of the pol-

(i) The size of the domains tends to increase towards thghed surface(parallel to the sedimentation planef a self-
top surface of the sediment. This property is, howeverassembled opal. The square type of packing of spheres in the central
sample dependent. It can be explained by further sizgart of the micrograph is indicative of a domain witt00) orien-
separatioff” of the spheres in the course of slow sedimen-tation, while the hexagonal packing in the surrounding areas repre-
tation due to the fact that lowest layers are composed ofents domains wittil11) planes. The dashed vertical lines represent
spheres with larger diameter than the upper layers. For thigomain boundariegb) (Color) Optical micrograph at a normal in-
work we selected samples obtained from the sup5[3|ier cidence andc) at oblique illumination(#=40°) of the same area on
where relatively uniform distribution of the domain sizes the surface of the sample. The yellow and blue areas represent
(typically in the 50-100wm rang@ and orientations pre- domains with different orientations of highly reflecti(e11) planes.
served over millimeter depths from the top surface were
found. found to be~50-100um, while their average thickness was

(i) The domains tend to have a highly ordered system oestimated to be about10—-20um, as discussed in Sec. V.
(111 planes of the fcc lattice parallel to the surface of the The samples for optical studies were obtained by cutting
structure. This property, however, was found to vary dependthe sintered sedimented chunks of opals with a diamond
ing on the manufacturer. It is interesting to note that in opalsvheel saw into a number of plates with a base surface par-
fabricated for jewelr§* we found significantly larger do- allel to the top surface of the sediment. To avoid faulted
mains reaching sizes-1 mm with a very broad range of structures occurring near the walls of the cuvtanly the
orientations. This combination of properties is responsiblecentral part of the plates was used for fabrication of samples
for the best “play of colors” mimicking the properties of with lateral dimensions in the millimeter range. The samples
natural gem opals. For the present work, however, we sewere then polished to various thicknessBg Epanning from
lected opal® possessing a relatively narrow distribution 30 to 1000um. To provide a gradual variation of the thick-
(10°) of the domain(111) planes around the sedimentation ness, along with the use of a number of parallelepiped-
plane. It should be noted, however, that domains with veryshaped samples with various thicknes§eswe also used
different orientations can still be found in these samples asamples polished in the form of a wedge with an angle
low concentration. This is illustrated in Fig(al where an  ~0.05 rad, and a base parallel to the sedimentation plane. In
SEM image of the polished sedimentation surface is prethe optical experiments the thickness can be controlled by
sented. The square type of packing of spheres in the centrakact positioning of these samples relative to a sitiagi-
part of the micrograph is indicative of a domain witb00) cally ~50 um) fixed diaphragnf.
orientation at the surface, while the surrounding areas dem- The main effects observed in this work are illustrated by
onstrate hexagonal packing typical @fl1) orientation. using a single plane-parallel sample with the thicknBss

(i) The domains usually have an irregular shape elon=300um and size of spheres 285 nm. The advantage of this
gated parallel to the surface of the structure. In the samplespproach is that all types of spectt@mansmission, diffrac-
selected for this work the average lateral size of domains ifon, and scatteringare obtained from the same aréa3
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mn¥) of the same sample, thus simplifying a comparative
analysis of the results. It is necessary to note, however, that //\
these results are vegeneralandtypical for a large number w
of samples with various thicknesses and sizes of spheres. We
address the thickness dependence where appropriate in Secs. I
IV and VII. We do not discuss the dependence on the size of behind
the spheres since we found that it is very straightforward: the
shape of the band-gap features in the spectra remains similar
while the energy position follows the well-known scaling of
the band structures with the reciprocal of the lattice period.
The domains with different orientation can be seen di-
rectly in an optical microscope due to their bright Bragg
reflectivity, as shown in Figs. () and Xc). At different
angles of illumination we observe domains with the appro-
priate orientation of a highly reflectivélll) system of
planes at the specular conditideee areas of the sample
displaying different colors at normé@Fig. 1(b)] and oblique
[Fig. 1(c)] incidences The system of111) planes possesses
strongest reflectivity because of its maximal structure
factor"1*%2in light scattering. The separation of strongly scat-
tering (111 planes is robust to the presence of plane stacking
faults3 thus leading to well-defined stop bands along this
direction. In the case of broad area illumination the indi- FIG. 2. Schematic representation of the geometry of the experi-
vidual reflections from a number of rotated microcrystallitesment with incidence I(,c) provided at anglef and the diffracted

determine the pattern of diffraction in the front of the sampleand scattered light visualized on a cylindrical screen. The pattern of
considered further in Sec. V. diffraction in front of the samplel¢,,) expected for a Debye-

The boundaries between individual domaifsee Fig. Scherrer mechanism is represented by ellipses concentrid yyith

1(a)] are mostly imperfect areas of the polycrystalline T.he beams\, an_dxz represent a sma'.' part of the concentric el
. . . . . lipses along various anglas observed in the plane of incidence.
samples and give rise to incoherent scattering of light. Th .
tterin rs due to refraction/reflection at the interf he beamsl ¢, and lyening represent the zero-order transmitted
scattering QCCU S ue. ore ?C on/retiection a e” eraces. am and scattered light behind the sample, respectively.
between microcrystallites of irregular shape. In addition each

domain contains a finite concentration of point defects such , i , o
2 wherel;,. is the intensity of the incident bearyl . the

as vacancies and interstitial sphefggically ~10" cm 2, ; ; . : .
or one defect per 100 unit cellas well as dislocations and INtégrated intensity of the beams diffracted and scattered in
pfront of the sampleé2-sr solid anglg, | ¢, the intensity of

stacking faults. All these types of volume defects along wit ) ,
the standard 3%-5% variations of the size and index the zero-order transmitted beam measured along the line-of-

spheres contribute to incoherent scattering of light behind th&'dht direction behind the sample, alidpening the total in-

sample considered in Sec. VII. tens]ty of light behind 'the sampl@rr—;r solid angle, ex-
cludingl ¢, More details on the experimental geometry can
be found in the following sections.

IIl. EXPERIMENTAL GEOMETRY . We Y\Ii” show that ilt] the vicinity of the stop band both
_ _ _ S diffraction and scattering are resonantly enhanced and all
~ Highly collimated(divergence<1°) white light ilumina-  terms in Eq(1) display a complex interplay as a function of
tion was provided from a tungsten-halogen lamp at an anglenergy. For this reason all types of spectra of these materials

of incidence 6, as shown in Fig. 2. In some experiments must be studied jointly to obtain a reliable understanding of
described in Sec. VIl a tunable dye laser was used as he optical properties.

source of light. The size of the incident beam on the sample

was about 2 mm, meaning that the number of illuminated

domains was of order 6 10*. Light was collected in any V. GENERAL REMARKS ABOUT OPTICAL TRANSPORT
desired direction with 1° angular resolution by use of a flex-
ible fiber coupled to a spectrometer. The spatial pattern of ) ) )
light around the sample could also be observed on a remoy- FOr photons with energies far from the optical stop band,
able cylindrical screen as shown schematically in Fig. 2.  the optical transport through the slab of opal can be charac-

In the absence of absorption, which is typically a veryterized by a mean free path for photoriy (etermined by

good approximation in our experimental conditions, the paldncoherent scattering of light on various defects in the struc-

ance of beams originating from the slab of opal can be repture. The dried as-grown opals have a milky appearance in a
resented as broad range of wavelengths because of the small values of

the parameter (~15—20um),>?~®leading to strong attenu-
ation of the total transmissionTE | oot Zlpenind IN the
line= 2 frontt | zerg™ = pehinds (1) classical diffusion limit (<D): T=1/D. The parametelris

zero

A. Incoherent scattering and Bragg reflectivity
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TABLE |. Parameters of optical transpoiit:is the transport

_ 1'0E— B ) w mean free pathl. the Bragg attenuation length calculated for the
8 0.8F ™, E | [111] direction of a perfectly ordered fcc lattice,,, the attenuation
5 06 i s ‘-1 ' .’ a length measured in the polycrystalline sample along the direction of
g H ‘."i.- sedimentationA the full width at half maximumFWHM) of the
1‘% 04} :E i1 stop band feature in calculated spectra, dng, the experimental
X ool i 1 FWHM of the stop band.
- W :'
1l |:
0.0 L 1 .Il ] ‘ " 1 L Lexp A Aexp
10° Liquid n, Contrast |  (um) (um) (nm) (nm)
10 Ethanol 1.36 —0.022 =D 40 300 3 18
2 402 Cyclohexane 1.43 -0.073 ~D 12 60 9 ~50
o
> -3
g 10
L] 1x10‘ be mainly due to Bragg diffraction of light in front of the
_g1x10 sample (zers™~ 2! fron™ = benind - HOWever, in the case of cy-
10° clohexane the intensity of the zero-order beam drops to
107 b— ' - - ' ~10 21, at the midgap frequencielsee Fig. 80)]. As
550 575 600 625 650 shown in Sec. VI for these conditions the intensity of the
Wavelength (nm) light scattered behind the sample exceeds the intensity of the

zero-order beam Y| peping | zerd, @nd represents a signifi-

FIG. 3. Experimenta(solid lineg and theoreticaldashed line o
P ( Y a ® cant contribution to the total balance of photons.

zero-order transmission spect@a for infiltration with ethanol and
(b) with cyclohexane. The spectra marked 1 represent normal inci-
dence(#=0°), while the spectra marked 2 show the case of inci- B. Failure of the perfect lattice model

dence at¥=30°. The calculations predict significantly stronger at- Attempts to describe the transmission properties within

tenuation and narrower spectral width of the stop band feature@e approximation of a perfectly periodic svstem lead to se-
even though in the calculations the thickness of the structure wa Pproxi ! P Yy Periodic sy

smaller[90 um, corresponding to 384 close-packédl) layers ~ 'OUS disag'reeme.nt with the'experimental spectra, as found
with interplane spacing ad=233 nn than the actual thickness of [TOM Or?e-dlm_en5|o6nsa? modeling and as shown below from
the sample D =300 xm). three-dimension&t°° (3D) calculations for the fcc lattice.

The results of 3D calculations for incidence on a system
controlled by the index difference between sphereg ( Of (111) planes are represented by dashed lines, for direct
=1.33) (Ref. 63 and pores f,). In dried opals the refrac- comparison with experiment, for the. cases of infiltration with
tive index contrast4n/n, whereAn=ns—n,,, andn is the ~ €thanol[Fig. 3a)] and cyclohexangFig. 3(b)] at two angles
average indexreaches-0.3, thus leading to small values of Of incidence#=0° and #=30°. It is seen that although the
the paramete. calculations correctly describe the positions of the centers of

To reduce scattering and to probe the whole thickness dfe experimentally observed dips and their angular shift, they
the sample I=D) in our experiments the pores were infil- Predict significantly stronger attenuation in the gap and nar-
trated with ethanol with a refractive indew,=1.36 or with ~ rower spectral width of the stop band features. The differ-
cyclohexane with an inden,=1.43. The infiltration was €nce between the calculated paramet@ragg attenuation
performed in an optical cuvette with flat walls. Zero-orderength of light at midgah. and linewidth of the stop banti)
transmission measurements demonstrate that after infiltratio"d corresponding parameters determined from the experi-
the samples are much more transparehfe Sl  MeNtal spectralle,, and Ay is striking. These parameters
+31 h_m? in a broad range of wavelengths, except for the@re given in Table | for the cases of infiltration with ethanol

stop band region, as shown in FigaBfor ethanol and in and cyclohexane_. It is seen thag,,/A~6, 'demonstrating .
Fig. 3(b) for cyclohexane. the very strong inhomogeneous broadening of the experi-

At the stop band energies the zero-order beam is exponerq|jenta| spectra. The experimentally measured attenuat_ion
tially attenuated with the thickness of the samgiél length of Ilght is found to. be several times Ionge.r than that in
~exp(~D/Ley), Where |, is the measured attenég'([)ion the calculations. The failure of the perfect lattice model is

exp/ s exp

length] due to Bragg reflectivity, which leads to the pro- ?&'E?;'Yﬁ :f LTeCP§{:||i%Zmnegf$2? optical transport which
nounced dip in Fig. 3. The value &, was found to be 300 polycry ’
and 60um in the cases of infiltration with ethanol and cy-

clohexane, respectively. This was confirmed by additional V. DIFFRACTION IN FRONT OF SAMPLE
measurements of the transmission thickness dependence per-
formed on the wedge-shaped santbEhe dip shifts mark- Study of the spatial patterns and spectral properties of

edly to shorter wavelengths with an angle of incidedcas  light in front of the illuminated surfack;,; allows access to

seen in the transmission data ###0° and atf=30° in Fig.  specific properties determined by the polycrystalline struc-
3. In the case of infiltration with ethanol the attenuation ofture. In this section we will concentrate on the resonant prop-
the zero-order beaf~50%];,., Ssee Fig. 8)] was found to  erties determined by the bulk properties of microcrystallites
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average indesn=[(ng)?f +(ny)3(1—f)]"2 wheref=0.74

is the filling factor for the close-packed fcc structure. The
dispersion relation can be obtained by assuming that for each
combination of external anglesand 6 we selectively probe

the reflectivity of the appropriately oriented domafias the

40.5

of

w
&S
Wavelength (nm)
&

0 . 500 specular condition represented by an internal argts in-
S —/\ 3 & cidence on the system ¢111) planes:
£ 0 20 4 € =
8 a(deg) m\ =2nd cos ¢, (2
&£ N [sin@ [sin «a

@=3|arcsi T +arcsi N , 3

wherem=1 is the diffraction order andl=0.81& is the
separation betweefill) planes.

This model very well describes the angular dispersions of
the positions of the peaks in the diffraction spetrfar a
very broad range of angles and ¢ varying from 0° to 60°,

FIG. 4. (a) Experimental angle-resolved spectfall lines) for ~ as shown in Fig. é). This is further confirmed by our cal-
#=30° and « varying from 9° to 45° compared with theoretical culations of reflectivity spectra from a series of perfectly
reflectivity spectra for fcc structures with,=1.36 andny=1.33  ordered fcc lattices using a 3D coffe® each lattice slightly
(dotted lineg. In the calculations, the structure has a thickness of 90rotated to represergpecularincidence at anglep for each
um corresponding to 384 close-packddl) layers with interplane  combination ofa and 6. In the calculations the size of the
spacing ofd=233 nm. The measured peak intensities are normalattice along the(111) plane was assumed to be infinitely
ized to fit the calculated spectra at the specular conditienf large, consistent with the large lateral dimensi¢58—100
=30°. (b) Measured angular dispersion of the center of the stop,m) of the domains. The thickness of the lattice along the
bands for6=0°, 15°, 30°, 45°, and 60° as a function@fsymbol,  propagation direction was treated as a fitting parameter with
and calculated using Eqs2) and (3) (full lines). (c) Measured  the pest results obtained within the 10—2M range. Good
intensity of the peak as a function of rotation (@fLl1) planes rela- agreement with the experiments for both the width and po-
tive to the plane of sedimentatigsymbol3, and Gaussian fifull o of the diffraction lines was obtained, as shown by the
line). dotted lines in Fig. @) for thickness 11.2um. For thicker

material(up to 100um) the calculations show narrowing of
(Bragg reflectivity (Ref. 66 rather than on the incoherent he stop band, roughly by a factor of 2, together with the
Scattering from boundal’ies betWeen domain and from Varidevek)pment Of a Square top to the reﬂection KMCaﬂve
ous structural imperfections. The patternlgf,, has a close of close to 100% absolute reflectapcerhich is not seen in
analogy with the case of x-ray diffraction in powd¥raith  the experiments. The good agreement obtained for the
one important difference. In powders all orientations of mi-smajler thicknesses indicates a lower limit to the domain
crocrystallites are equally represented. For this reason Bra%icknesses[()dom~ 10 um) in our samples.
diffraction is typically observed for all rays along the gen-  The distribution of the domain orientations can be studied
erators of cones concentric with the beam incident on thgy comparing the intensities of the calculated and measured
sample. These cones should intercept the cylindrical screeffraction peaks in Fig. @). The intensities of the experi-
around the sample in a series of concentric ellipses corrgnental peaks are normalized to fit the calculated spectra at
sponding to different wavelengths, as shown in the schematihe specular conditionr=6=30°. The intensities decrease
sketch of Fig. 2. However, in synthetic opals the system ofapidly for smaller and larges showing the preferential ori-
(111) planes has a strong preferential orientation along thentation of domains around th&11] growth direction. From
surface, thus allowing only a small part of the concentricihe variation of the diffracted intensity witk away from
ellipses along various anglesin the plane of incidence to  30° we deduce an approximately Gaussian distribution of
be observed, as represented by the bermand\, in Fig.  orientation of(111) planes with full width at half maximum
2. (FWHM) of 10° as shown in Fig. @).

Angle-resolved diffraction spectra measured at different
anglesa (for fixed 6 of 30°) in the plane of incidence are V. BROADENING EFFECTS IN ZERO-ORDER
presented in Fig.@) for the case of infiltration with ethanol. ' TRANSMISSION SPECTRA
The diffraction peaks have widtk13 nm for all &, peaking
in intensity at the specular conditien= =30°, and with the The broadening of the stop band reported in Sec. IV is too
peak wavelength decreasing with increasimgsimilar to  large’® to be explained by the standard deviati®@¥o—5%
previous observatior$>® performed at higher refractive in- of the sphere sizes. In this section we will show that this
dex contrasts. effect arises from the polycrystalline nature of synthetic

The results can be modeled in the low index contrast limitopals. The full picture is, however, complicated by the oc-
by considering Bragg’s law2), along with Snell's law to currence of the three distinctly different mechanisms consid-
describe refraction at the flat wall of the cuvette, with theered below. The first two mechanisms take place in the limit

'
-
[=]
(4]

Intensity (arb. units)
o -
>
o

525 550 575 600 625 0o 5 10
Wavelength (nm) Crystallite orientation (deg)
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FIG. 5. (a) Experimental diffraction peaks far=30° in the case §
of infiltration with ethanol[same as in Fig. @)] represented with- [:]g

out vertical shift(full lines). The envelope functioridashed ling
represents the spectral shape of the t&hy,,, in the balance Eq.

0+— : : ;
500 5650 600 650 700

(1). (b) Experimental zero-order transmission spectiygy,in eth- Wavelength (nm)
anol at#=30° (full line) and the functiorF =1,,,— =144, (dashed . ) ) .
line). The functionF is normalized for direct comparison with. FIG. 6. (a) Experimental diffraction peaks fat=30° in the case

of infiltration with cyclohexane at different anglesfrom 9° to 45°
of weak refractive index contrast. They are illustrated by thefull lines). The envelope functiodashed lines represents the
case of infiltration with ethanol. The third mechanism is re-spectral shape of the ter®i 4, in the balance Eq1). (b) Experi-
vealed in experiments with larger contrasts, the case of infilmental zero-order transmission spectriipg,, in cyclohexane at
tration with cyclohexane. 6=30° (full line) and functionF =1;,.— =1, (dashed ling (c)

(i) Homogeneous broadeningaused by the finite thick- The spectral shape of the angle-integrated scattering behind the
ness of the individual domain in the limiD(, <L) has Sample, as deduced froBl hening=F ~ I zero- The two marked peaks
been previously studigdlin opal thin films. It can be seen indicate resonant enhancement of scattering at the stop band edges.
from a comparison of the theoretical curves in Figs) &nd
4(a): the diffraction peaks calculated f@=11.2 um are frequencies. Thus coherent Bragg diffraction by the poly-
broadefFWHM~10 nm) than the features in transmissién crystalline structure ¥1,,) is the dominant factor leading
(FWHM~3 nm) calculated for thicker materid) =90 um. to the shape of the stop band in the case of infiltration with

(i) Inhomogeneous broadenindue to the fact that the ethanol.
total intensity of light rejected from the zero-order beam at (iii) Additional broadeningdue to incoherent scattering
the stop band frequencies, arises from a number of individuatrises when for larger index contrastyclohexang mecha-
diffraction peak& with different wavelengths from different nism (i) is insufficient to describe the shape of the stop band
domains. This mechanism of broadening is illustrated in Figfeatures in zero-order transmission. This is illustrated in Fig.
5(a) where the diffraction peaks measured for differerait 6 where a similar treatment of the diffraction data to that of
0#=30° [see Fig. 4a)] are combined on a single plot. The Fig. 5 for differenta at 6=30° leads to an envelope function
envelope(dashed curvedisplays a peak inhomogeneously of individual peaks with a linewidtiFWHM~40 nm) very
broadened FWHM~40 um) by comparison with the indi- similar to the case of ethanfifig. 6(a)]. However, as seen in
vidual lines(FWHM~13 nm). This peak represents the spec- Fig. 60b), this envelope function cannot explain key features
tral shape of the termX 1, in Eq. (1). Its position, width,  of the transmission spectrum including the much broader dip
and strength very well fit the shape of the dip observed in th@s well as the shape of the background, which displays a
transmission spectruthat 6=30°, as shown in Fig. (6). marked decrease towards shorter wavelengths. The differ-
This agreement indicates that the relationshig=1l,. ence betweerF~Ili,.— Zlqon and |, in Fig. 6(b) arises
— S l40nt IS roughly satisfied, showing that the scattering termfrom scattering behind the samP€ 1 penind [See Eq(l)].
does not play a significant rol&( penind<! zero in the total  The spectral shape of the tel qpinq found by this proce-
balance of photons represented by EL. This conclusion dure is represented in Fig(®. It is seen that the scattering
was additionally proved by direct measurements of the scaterm 21 ehing has a magnitude comparable with,, in the
tered intensity behind the samplZ I,ehind, Which showed whole range of wavelengths, except at the stop band frequen-
that this term constitutes only a few percentlgf, at all ~ cies whereX| e, cOMmpletely dominates,e.,. Most inter-
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estingly, the tern® | yehingis resonantly enhancealt the stop A. Scattering in the regime of weak Bragg
band edges as indicated by the two marked peaks in Fig. attenuation (ethanol)
6(c). This effect is responsible for the additional broadening  Although infiltration with ethanol leads to a weak inten-
of the stop band in the zero-order transmission spectra.  sity of scattering El,.nind COmpared to other terms in Eq.
(1), this case is fully representative of the scattering proper-
ties of opals observed in this paper and is very helpful in
VIl. SCATTERING BEHIND THE SAMPLE revealing the physical mechanisms. Our main observations
are that the scattering issonantly enhanceat the stop band
To provide direct evidence for the occurrence of scatter€nergies, and in addition gives rise to an additional beam of
ing and to study its role in determining the overall optical light behind the sample, as shown in Fig. 7. This beam has

properties, we performed measurements of scattering Spectp(gloperties very different from conventional scattering, which

with angular resolution. We begin with the results obtainedd!Ves 'lse to the d'ﬁus’? _halo_ su_rroundmg the_ _zero-order
in the case of infiltration with ethanol whete,,,~ D =300 transmitted beam, also visible in Fig. 7. The additional beam

L S appears only at the stop band energtbs image in Fig. 7 is
m. These results were found to be qualitatively similar to : . o ;
ﬁwse obtained using various ethanol-?nethanol r>r/1ixt(ires obtained for a single wavelength within the stop bamehile

. o the diffuse halo occurs for a wide range of wavelengths. The
dex between 1.33 and 1.B&ith smaller refractive index ,qgitional beam is characterized by a broad cone of direc-

contrastsbetween 0 and-0.022 whereLe,,>D. Thus the  5ns centered around the normal to the sample as given by
infiltration with ethanol was chosen as a case fully represeng,e polar angle(8), as shown in Fig. 73 In contrast, the
tative of the regime of weak Bragg attenuatidn.(=D).  diffuse halo is scattered in a much narrower cone around the
We will interpret these results and discuss a model for scatzero-order beam.

tering in polycrystalline opals. Finally, we consider addi- The spectral properties of the scattered light are presented
tional experiments for larger index contragtyclohexang in Fig. 8@) for the case of normal incidend@=0) when

that provide additional support to our model. They will be both beamgdiffuse halo and additional bearare centered
discussed along with the thickness dependence of the scairound the same directiaB=6#=0), but with different an-
tering spectra. gular widths (Fig. 7). The spectra measured at different
anglesB exhibit a peak due to the additional beam and an
almost wavelength-independent background from the diffuse
halo. The amplitude of the peak is comparable with the back-
ground for smallg. For increasings, the background decays
rapidly and the peak overtakes the level of the background
by at least an order of magnitude, as seen in spectrum 2 of
Fig. 8@). This arises due to the broader directionality of the
additional beam compared with that of the diffuse halo. The
position(620 nm and width(FWHM~10 nm of the peak at
small B correlate with that of the stop band in the zero-order
transmission spectra 8&0, as seen by comparison with Fig.

additional

| a 1 a0 |4 deg:]

1. (@rb. units)

2

5

1 inc ) =
& IS

o &

i 2

o 8

/

FIG. 7. Pattern of scattered light behind the sample observed in T T T d T T T
the case of illumination a#=20° by a tunable dye laser of wave- 550 600 650 700
length 618 nm in the stop band region. The resonantly enhanced Wavelength (nm)
scattering manifests itself as an additional beam, shown for clarity
in the schematic sketch. It is scattered in a broad cone of directions FIG. 8. (a) Experimental scattering spectra for normal incidence
represented by the polar angdéfrom the normal. The white circle  (6=0°) and various scattering anglgsfrom 9° to 36° in the case of
represents the zero-order transmitted beam surrounded by a diffugdiltration with ethanol.(b) Zero-order transmission spectra for
halo. various angles of incidenagfrom 0° to 35° in the case of ethanol.
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large compared to a wavelendth’®rather than from diffrac-
tion or scattering by features with sizes on a wavelength
20° scale. In our samples, domains with irregular shape and very
. N large size(50—100um) probably play the role of the large
particles. The direction of the halavhich follows the direc-
tion of illumination) is explained by the fact that the medium
is almost transparent~ 0.9, and thus the initial direc-
tion of propagatior{dictated by the zero-order beais only
weakly perturbed upon propagation through the entire thick-
ness of the material. The relatively narrow directionality of
the scatterind~15°) also arises from the high transparency
of the material due to low refractive index contrast.

The additional beam, resonantly peaked at the stop band
and centered either at or close to the normal depending on
the angle of incidence, has a totally different origin from that
of the background. At first sight the spectral enhancement at
or close to the9=0 stop band energy is particularly surpris-

-40 ) 20 0 ) 20 40 ing, since suppression rather than enhancement might have
been expected at this energy and along the direction with the
S (deg) maximum Bragg effecithe (111) average direction The

FIG. 0. Measured anguld) distributions of the peaks) and observation can, however, be understood if we take into ac-

background(b) in the scattering spectri@ymbols. The amplitude gs:tr:rsoorp;%ﬁsfﬁi;i?g;?:;g‘?;;ﬁiﬁzégatlon through the

of the peak was measured from the level of the background for At th tB diti h mi tallite i
0=0°, 12°, and 20°. The position of the pe@l is varying between € resonant bragg condition €ach microcrystaflite 1S

600 and 625 nm for different and 3 [see 8 dependence fof=0° strongly r_eflective ?n the Iimit7~ Dgom- This transforms the
in Fig. 8a)]. The level of the backgroungh) was measured at 650 Propagation path into a series of forward/backward reflec-
nm (the results are, however, independent of the wavelength apaftons between different domains. As a result light spends a
from the region 600—626 nm because of the flat shape of the backonger time within the mediunfdue to the zigzag propaga-
ground. The solid lines represent a Gaussian fit to the experimentafion between the domainsThis resonantly increases the
data. probability of scattering as well as leading to a spread in the
cone of scattered light: after a few scattering events, the ini-
8(b). As the angleg increases the peak displays a slight shifttial direction (dictated by the zero-order bears “forgot-
to shorter wavelengths accompanied by weakening anten,” and the angular distribution of scattered light fills the
broadening. It is important to stress that the shift of the pealentire distribution of the misorientations of the domains irre-
as a function of angl@ is very weak compared to the shift of spective of the direction of incidence. This effect of resonant
the stop band in the zero-order transmission measured fddwelling” of light within the polycrystalline structure also

N
1

a

—
1

I (@rb. units)

[, (@rb. units)

6=pin Fig. 8b). explains why the additional beam is symmetric about the
The directionality of scattering for the pedkdditional normal direction, independent of the incidence angle.
beam and the backgroundiffuse halg are shown in Figs. An additional factor that may also contribute to the broad

9(a) and 9b), respectively. The measurements were perdirectionality of the scattered ligliadditional bearmis con-
formed for differentd as a function of detection angfé as  nected with the superprism effe€t>’ which leads to larger
shown in Fig. 7. The amplitude of the peak was measuredngles of refraction within each domain at band-edge fre-
from the level of the background. It is seen that for eéich quencies. Although quantitative analysis is complicated by
the scattering peak occurs over a vergadrange of angles the polycrystalline structure of the samples calculations per-
B with angular widths as large as40°, centered either at formed for a single crystal predict¥ddramatic increases of
(#<15°) or close to(#>15°) the normal direction. In contrast the refraction angles in the vicinity of the optical stop band.
the background scattering haarrow directionality of ~15° It is interesting to note that the properties of the scattering
with the direction of maximum intensity3,) occurring spectra can be deduced from analysis of the zero-order trans-
along the direction of illumination3,,= — 6, as illustrated in  mission spectra measured along different directions. The op-
Fig. 9b). timal conditions for scattering can be represented by the fol-
lowing rules based on the use of the experimental parameter
Lexp representing the attenuation length at the center of the
stop band measured along different directions:

The diffuse scattering halo around the zero-order beam is (i) The scattering behind the sample is optimized if the
well known from previous studies of opafsand arises from  condition Lexg~ D holds for the zero-order beam since in the
scattering by structural defects. The fact that its spectrum isaselL,>D the scattering is insignificant in comparison
wavelength independefitshows that it arises from scatter- with the intensity of the zero-order beam, while in the oppo-
ing (refraction and reflectiorby particles, of irregular shape, site casel.,;<D, light with the midgap energy is mainly

B. Interpretation of the results and discussion of the model
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diffracted in front of the sample, with the result that there o

will be no scattered light behind the sample. = a =0 A, deg.
(ii) The overall process is optimized if not only the zero- = 0.5 1-9 o

order beam but also the light scattered in a given direction = 2- 180

spends longer time within the medium. This means that we g 3-36

have effectively a double optical resonance for the scattering 8

process with the density of initidkero-ordey and final(di- =

rection of detectionstates resonantly enhanced due to mul- \§

tiple reflections between domains. The same conditigp 0.0 : : : :

~D is expected to hold for the scattered light. . . . .
These rules allow all the major features of the scattering 1.0-

spectra for normal incidence9=0) in Fig. 8a) to be ex- @ b

plained. For smaljg the back reflectiorfattenuation of the c 6, deg.

scattered light is given by the low-ang(é=p3) zero-order > 1-0°

transmission spectra in Fig.(l8, which have stop bands g 0.5; 3\ 2 ] 2.10°

nearly identical to that for the zero-order bean®atd [com- - 4 3-20°

pare spectra 1 and 2 in Fig(l8]. The attenuation of both R 5 4-130°

beams approaches the optimal conditlag,~D near mid- 0.0 5. 35°

gap, thus explaining the single peak in the scattering spectra . ' : T :

at 620 nm. For large-angle scatterifg=30°), because of 500 550 600 650 700

the angular shift and weakening of the corresponding stop Wavelength (nm)

band (.>D), see Fig. &), the final scattering has no

enhancement specific due to the increased residence time FIG. 10. (a) Experimental scattering spectra for normal inci-
(dwelling) of the light, so the peak amplitude weakens. Indence(#=0°) and various scattering angl@gsfrom 9° to 36° in the
this model, the spectral position of the scattering peak is thusase of infiltration with cyclohexangb) Zero-order transmission
determined by the product of the transmission spectra for thepectra for various angles of incidengérom 0° to 35° in the case
initial and final wavesfor given g): this occurs close to the of cyclohexane.

intersection point of the short-wavelength edge of the normal

incidence stop band and the long-wavelength edge of thgy ethanol, the spectra display a relatively flat background
stop band ag=p. This explains why the shift of the peak in qye to refraction/reflection phenomena at the boundaries of
the scattering spectra witl is very much smaller than the «jo» narticles with irregular shape. The intensity of scatter-
correspondmg S.h'ftat 0=p) of the st.op b_and in the Z€ro- ing is, however, stronger and the directionality of the “halo”
order transmission. The broad directionality of the scattermgS broader due to the larger refractive index contrast com-
then arises from the fact that good overlap between the sto ared with ethanol.

bands a¥=0 and 6= is preserved up to anglgs~20° due h havior i icularly i . . .
to the effects of inhomogeneous broadening considered in The resof‘am behavior is particularly interesting since in-
Sec. VI. For incidence away from the nornj&lig. 7, and stead of a single peak, we now observe several resonant fea-

Fig. 9a), the triangled the resonant scattering is still cen- tUres in the stop band region. At small anglg<10°) we
tered along the directions close =0 since in the limit of observe resonant enhancement.of ;cat_tgrlng at the stqp band
weak Bragg attenuatiori(,=D) we can only approach the edges(pgaks at 610 _and 640 r)rth_h significant suppression
optical conditions for scattering for both beams in the case off intensity at the midgap energgip at 625 nm, as seen by
Scattering at directions close to normal. Comparison with the zero-order transmission Spectra in Flg
This mechanism is consistent with additional measurel0(b). With increase of the scattering angle upae 30°, the
ments performed on samples with smaller thickneg¢dewn  dip and the long-wavelength peak weaken, with the short-
to 30 um) where a similar single peak was observed in thewavelength peak at 610 nm increasingly dominating the scat-
scattering spectra in the regime of weak Bragg attenuatiokering spectra.
(Lexp=D). For thicker samplesup to 1000um) where the Integration of the scattering spectra over Alleads to
regime of strong Bragg attenuatiob,=300 um<D) oc-  overall scattering spectra with two peaks at the stop band
curred, we observed transformation of the single peak into @nergies similar to the spectral form Bfl ,.p,i,q deduced in
two-peak structure. This regime of scattering can also b&ec. VI from the difference between the zero-order transmis-
realized by using infiltration of the same reference sampl&ijon and the angular-resolved diffraction spectra shown in
(D =300 um) with cyclohexane wheré.,, drops down to  Fig. 6(c). The mechanism of resonant enhancement of scat-
60 um. These results are considered in the following sectiontering at the band edges is likely to involve both effects
mentioned in the discussion of the ethanol ddtalonger
residence time of the light within the polycrystalline struc-
ture due to multiple reflections between the domains leading
to enhanced scattering, afid) the superprism effect in the
Scattering spectra for infiltration with cyclohexane areindividual microcrystallite®®®’ leading to scattering at larger
shown in Fig. 10a) for normal incidence. In the same way as angles where the transmission is improved.

C. Scattering in the regime of strong Bragg
attenuation (cyclohexang
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The shape and angular evolution of the scattering spectraf this work are relevant to studies of a wide variety of
in cyclohexane can be explained by analysis of the anglematerials whose properties are determined by the interplay of
dependent transmission data in Fig()Qin the same way order and disorder effects.
as performed for ethanol in the previous subsection. The In photonic crystalline optics, propagation phenomena are
main difference compared to the ethanol case in Fig. 8 is thasually considered for plane waves coherently scattered or
very strong attenuation of the zero-order beam at the centefiffracted by the periodic structufé.In contrast in disor-
of the normal-incidence stop baionly ~1% transmission  dered media the propagation of light was traditionally con-
For this reason in the limit of smalt where the stop bands sidered as an entirely different problem of incoherent
for the zero-order beam and scattered waves almost coincidsgattering®’® on various particles and structural imperfec-
the propagation lengths are very smal{;<D), and most tions. In this paper we show that in self-assembled opals due
of the incident light is reflected back out of the sample beforgo their polycrystalline structure both mechanisms of trans-
multiple scattering can occur. However, at the edges of theort coexist, and exhibit a complex interplay in the vicinity
stop band the optimal conditiorL{,;,~D) can be met for of the stop band where ballistic propagation is resonantly
both initial (zero-ordey and final(scattereglwaves, thus ex- suppressed. We have developed a combination of experimen-
plaining the two scattering peaks, separated by a dip, whickal techniques, based on simultaneous investigation of the
are observed in the experimental spectra. The angular evolspatial and spectral characteristics of the diffracted and scat-
tion of the scattering spectra in cyclohexane can also be uriered light, to understand the observed phenomena. This in-
derstood in this way. Fg8>30° due to the strong shift of the cludes angle-resolved spectroscopic measurements for all di-
stop band for the outgoing wav@t 6#=g), the condition rections in space, analysis of the balance of photon fluxes,
Lexp~D can be met for both waves simultaneously only atand establishing links between the shapes of the stop band
the short-wavelength edge of the stop band at normal incifeatures in different types of specttdiffraction, transmis-
dence, leading to a single peak in large-angle scattering. sion, and scattering These techniques provide a powerful

In conclusion different regimes of scattering can be contool to characterize large areas of such materials, revealing
trolled not only by using various liquids of differing refrac- information on the size and orientation of the domains and
tive indices but also by changing the thickness of the samplgheir photonic band structure.

In our experiments we realized the transition from strong to The principal effects studied in this paper @reangular
weak Bragg attenuation by reducing the thicknBsin the  dispersion of stop bands in diffraction spectfia) inhomo-
case of infiltration with cyclohexane. By using a wedge-geneous broadening of the stop band in zero-order transmis-
shaped sample we found that the two-peak structure in smalsion, and(iii ) effect of resonant enhancement of scattering at
angle scattering spectridrig. 10 gradually evolves into a the stop band energies. We show that these effects are ge-
single peak for sample thicknesses smaller tha&0 um.  nerically linked and should be observable in a wide class of
The position of this peak was found to be well correlatedself-assembled photonic crystals. The resonant enhancement
with the center of the stop band at normal incidence, similaof scattering in polycrystalline photonic crystals observed in
to the case of scattering in ethanol considered in Sec. VII Athis work is of interest for emission and laser applications.
Due to the special type of optical feedback provided by the
VIIl. SUMMARY multiple reflections from the domains, these properties can

. . o ~ be considered as a natural precursor for the photonic band-
The optical properties studied in this paper are determineddge lasing in such materials.

in a fundamental way by the polycrystalline structure of the
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