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We report on the photonic band gap phenomenon in the visible range in a three-dimensional dielectric lattice
formed by close-packed spherical silica clusters. The spectral position and the spectral width of the optical stop
band depend on the direction of light propagation with respect to the crystal axes of opal, and on the relative
cluster-to-cavity refraction inder. Manifestations of the photonic pseudogap have been established for both
transmission and emission spectra. The stop band peak wavelength shows a linear dependeficansa
mission characteristics of the lattice have been successfully simulated by numerical calculations within the
framework of a quasicrystalline approximatid®1063-651X97)13805-3

PACS numbdrs): 42.70.Qs, 42.25:p, 42.65-k

[. INTRODUCTION The pseudogap manifests itself as a stop band in the trans-
mission (reflection spectrum of a refractive medium with
The concept of the photonic crystal that behaves with renegligible dissipative losses. Stop bands arise due to diffrac-
spect to photon waves like a dielectric crystal does with retion of an optical wave on a three-dimensional lattice made
spect to electron waves has been advanced by Yablonovitdf dielectric particles.
[1] and Johrj 2], and stimulated extensive studies in this field  For further progress toward photonic crystals possessing a
[3]. A number of basic issues like the photon effective massteal gap in all directions, it is reasonable to search for rel-
Anderson localization of photons, modification of the photonevant solid-state structures providing a controllable variation
density of states, inhibition and enchancement of spontanef modulated dielectric function. Gem opals are known to
ous emission, coupled atom-field states, and others are curensist of spatially arranged silica microspheres organized
rently being discussed in relation to three-dimensional diither in cubic or hexagonal lattic€$3]. Whereas iridescent
electric lattices[4—6]. In spite of significant progress in properties of natural and artificial opals are attributed to op-
theoretical analysis of these problems, experimental studietical interference, to our knowledge the optical properties of
are still rather fragmentary. The photonic band gap has beeopals have not been considered to date in the context of the
observed in the radio frequency ran{jg8], whereas the photonic band gap phenomenon.
main field of application of the new class of phenomena is In the present paper we report on the photonic band gap
expected to be optical and laser physics. Experiments in thehenomenon in solid-state opal matrices. These matrices are
optical range have been carried out for one-dimensional latmade of close-packed Sispherical clusters arranged in a
tices(see Ref[9], and references thergim which the effect face-centered-cubiffcc) lattice. In Sec. Il we describe re-
of spatial arrangement on photon localization and the sporsults of experimental studies, including both transmission
taneous emission rate has been observed. A breakthroughoperties of the lattice formed by SiOspheres, and the
toward actual photonic crystals with the forbidden frequencylattice formed by voids filled with various liquids with the
gap in the optical range has been made using ordered erefractive index higher than that of SjGpheres, and prop-
sembles of highly monodisperse polystyrene parti€led.  erties of fluorescence of dye molecules embedded in opal
These microstructures form colloidal cubic crystals, whichsamples. In Sec. Ill we perform numerical simulations of
were found to affect the spontaneous emission of organitransmission and reflection of a three-dimensional lattice, us-
moleculeg11]. Polystyrene colloidal crystals exhibit a pro- ing a quasicrystal model to calculate coherent transmission
nounced pseudogap in the photon density of stiit&k and reflection of a multilayer scattering medium with dense
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FIG. 1. A set of opal samples with axes oriented at different
angles with respect to the incident light direction watey.

packing of particles. Section IV contains conclusions, and
some considerations of further investigations in both optics
and optoelectronics for three-dimension@D) arrays of
nanostructures, as well as media that are intermediate in their
properties between substances with discrete and continuous
structures.

Il. EXPERIMENT

L FIG. 2. Mi hot h of th | surface.
We used the standard technology for the fabrication of cropholograph of the opal suriace

artificial opals[14,15 to develop three-dimensional dielec- ] o ]
tric lattices. Synthetic opals are produced from a sol of artiindex different than that of the spheres. Thus it is possible to
ficially grown monodisperse spherical Si(particles. The ~control the spectral position and contrast of the stop band.
regular structure, obtained after precipitation of the particlesOptical transmission spectra of one and the same opal matrix
is mechanically fragile due to weak bonding between silicdilled with various liquids [methanol 6=1.328), ethanol
globules. The opals are hardened by hydrothermal treatmef®=1.361), ~ cyclohexane n(=1.426), and toluene
and annealing, and point contacts between the globules at@=1.497)] are presented in Fig. @he values of the refrac-
converted into faceted ones. Under certain conditions, void§on index are taken from Ref18]). The stop band position

of the structure form a regular sublattice that can be fillecShifts linearly toward longer wavelengths with increasing re-
with ||qu|ds or solid inclusions. A photograph of opa| fraction index of voids relative to that of the sphe(E:g 4)
samples impregnated with water is shown in Fig. 1. Struc-
tures fabricated in such a manner consist of nearly spherical

o . . Wavelength
silica clusters of size ranging from 0.2 to Qu3n, arranged avelength (nm)

400 450 500 550 600

in a fcc lattice which is evident from the electron microscopy ; : . 310
image presented in Fig. 2. los

Each silica patrticle in its turn has an internal substructure los
[16] which is known also for silica gels. As a result of the 10.4
presence of an internal structure, the effective refraction in- '8-3

-
[=]
T

dex n’s‘io2 of silica particles varieg14] from the value
Nsio,= 1.45 inherent in bulk silica down tn§i02:1.26.

All the lattices studied show a dip in the optical transmis-
sion spectrum, with the spectral position depending on the
lattice perioda, and then’s‘i02 value. The nature of the spec-
trally selective transmission of a disperse medium with van-
ishing dissipation is nothing else but multiple scattering and

the interference of light waves. This can be intuitively un-
derstood in terms of the Bragg diffraction of optical waves.
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In other words, formation of a pronounced stop band is in- 0900 250 00 ~ 550 600

dicative of a reduced density of photon states within the Wavelength (nm)

sample, and thus can by classified as a photonic pseudogap

phenomenon. FIG. 3. Optical transmission spectra of the same sample with

Intersphere voids in the opal form a network in which empty voids (upper panel and impregnated with various fillers
cavities of two kinds and channels can be distinguidi&dl  (lower panel: methanol(1), n=1.328; ethanol?2), n=1.361; cy-
The voids can be filled with materials having a refractionclohexane3), n=1.426; and toluené4), n=1.497.
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Experimentally measured positions of the stop band for a dry avelength (nm)

sample Qyoigs<Nsphere} and the same sample impregnated

with liquids (nyoigs> Nsphered fit the common straight line ;4 6 (119) filled with water for various directions of light propa-
well. This is probably a manifestation of the behavior knowngation. The sample was deviated by the ar@lén the range from

from optics of scattering media: properties of scattering orge 15 48° such as to correspond (a) (T'LX) and (b) (T'LK)

two spatially complementary ensembles of particles, €.9;pjanes. Numbers at the curves indicate the afylealue.
dense spheres in empty space and hollow spherical voids in a

dense medium, are essentially equivalent. The dip in théhe Brillouin zone. In order to follow the direction of propa-
transmission spectrum deepens and widens with an increagation of light, we can introduce two anglé€s and ¢. The
ing value ofnygigs/Nspheres ThE Maximum transmission con- angle® is the measure of deviation from th&11) direction,
trast reached in our experiments was about, 18e spectral  and the angle is the polar angle of the isometric projection
width in this case was 40 nm at the 10% levelirve 4 in  of the elementary cell presented in Fighp
Fig.3. The dependence of transmission of light on the propaga-
The position of the stop band also depends on the anglgon direction was measured in an opal sample cut parallel to
between the direction of propagation of light and the crystathe (111) plane. Transmission spectra of the opal sample
axes. The first Brillouin zone of a fcc lattice is shown in Fig. impregnated with water for various propagation directions
5(a). The solid line in Fig. 8) presents an isometric projec- are presented in Fig. 6. In this case, the anglevas fixed
tion of a real-space fcc cell on th@11) plane. The dashed such as to correspond to cross-sections of the Brillouin zone
line connects points with equal values of angles of deviatiomhy (I'LX) (a) and ("LK) (b) planes, whereas the angk
from (111) for directions corresponding to special points of varied from 0° to 48°. An increase i corresponds to
moving away from the(111) direction. The stop band
changes its spectral position, and becomes less pronounced
with ®. This agrees well with the fact that most efficient
Bragg reflections in a fcc lattice are those from planes with
all odd or all even Miller indices. Other planes participate in
higher order reflections at shorter wavelengths. Unfortu-
nately, the spectral region available for investigation was re-
stricted by our experimental setup, and we were unable to
perform reliable measurements in cases when the light beam
fell on the sample at an acute angle. Therefore, only the
“red” wing of the stop band can be observed in Fig. 6 for
0O values greater than 30°.
The angular dependences obtained are summarized in Fig.

FIG. 5. (8 The first Brillouin zone of the fcc structuréb) /N the form of polar diagrams in coordinatesX ¢) (@
Isometric projection of a real-space fcc unit cell on thé&1) plane a_n_d ©.¢) (b),_whereA)\ is the dlfference between the po-
(solid line); the dashed line connects points with equal values ofSition of the dip measured for propagation along (he1)
angles of deviation fron§111) for directions corresponding to the direction (®=0°) and the dip position measured for propa-
marked special points of the Brillouin zone. The an@leis the  gation at variousp angles at a fixe® # 0. Figure Ta) pre-
measure of deviation froril11), and¢ is the polar angle of pro- sents relative spectral positiods\ of the dip measured for
jection. various directions € ¢<360° at ®=20° (curve 1 and

FIG. 6. Transmission spectra of the opal plate sample cut par-
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FIG. 7. (a) Stop band shifA\ relatively light propagation along

(1112) direction for 0<¢=<360° at® =20° (curve ) and ® =30° 12 T

(curve 2. (b) ® angles which correspond to the stop band spectral .

position at 530(curve 1) and 500 nm(curve 2 for 0< ¢<360°. % 1.0r .
! O.BL .

®=30°(curve 2. Figure Tb) shows® angles corresponding 3

to the same position of the transmission 30 nm(curve «3; 061 :

1) and 500 nm(curve 2]. From these diagrams the presence mg

of a third-order axial symmetry is evident. A certain viola- ~ 04f 1

tion of symmetry may be due to the imperfection of the <

crystals. Curve 2 in Fig. (B) bounds the area of directions w  02r i

along which a sharp decrease in light transmission was ob- 0.0l . .

served. "~ 500 550 600 650

We investigated the fluorescence of dye molecules em- Wavelength (nm)

bedded in artificial opal samples with a photonic stop band
situated within and outside the region of dye fluorescence. .
The samples were prepared by impregnating the opal with an FIG. 8. Fluorescence spectra of dye molecuRisodamine 6&

. . - embedded into the opal. Par(@) shows spectra measured at vari-
ethanol solution of Rhodamine 6&6G). Upon evaporation ous observation angles with respect to the normal to the sample

of the solvent, experlmgnts on dry .sa.mples Wer? carried Ou5urface. Squares represent the emission spectrum of the same dye
Fluorescence was excited by radiation of a nitrogen Il"‘Seémbedded in the sample with the stop band located outside the
(Aex=337.1 nm. We measured fluorescence spectra of thgjyorescence emission rangavacuum* spectrum). Panel(b) con-

dye in opal samples at various observation angtewith  tains the same spectra divided by the latter one.

respect to the normal to the sample surface. Fluorescence

spectraS,(\) of R6G in an opal sample, with the photonic affected by the 3D structure of the opal, contribute more
stop band situated within the region of the dye fluorescencguypstantially to the total fluorescence intensity. The effect of
recorded at various observation anglkesand normalized the photonic pseudogap in the artificial opal on the fluores-

such as to have approximately equal intensities at the winggence lifetime of dye molecules embedded in the matrix is
are presented in Fig.(8. For comparison, the fluorescence currently being investigatefd.9].

spectrum of R6G in an opal sample with the photonic stop
band located outside the spectral region of the dye fluores-
cence is presented in the same figure by squares. For this
sample, the shape of the fluorescence spectrum should not The appearance of localized states and the formation of
“sense” the presence of the photonic stop band, and cadips in the transmission spectrum of photonic crystals be-
therefore be referred to here as a “vacuum” spectrum; thereeomes possible due to the interference of waves which expe-
fore, we denoted it by5,,{\). It is evident from Fig. 8)  rience multiple scattering by a partially ordered system of
that fluorescence spectra change their shapes substantiathesoscopic particles. In order to calculate the optical char-
with the observation angle. In order to make the picture morecteristics of such a system, a technique based on statistical
evident, we plotte®,(\)/S,,d{\) ratios for several observa- multiple wave scattering theory can be used. This technique
tion angleqdFig. 8b)]. As is clear from the figure, the spec- is widely used in studies of the interaction of electromagnetic
tral position and shape of the dip in the relative fluorescenceadiation with randomly inhomogeneous mediee, e.g.,
intensity depend on the observation angle, which agrees weRef. [20]). We used the techniqy®1] to calculate coherent
with the above-presented results on optical transmission dfansmission and reflection of a multilayer scattering medium
opal samples. However, the contrast of the dip is not so higleonsisting of periodically alternating homogeneous and
as in optical transmission experimen(tsf. Fig. 3. In our  close-packed disperse layers. When the thickness of homo-
opinion, this can be explained by the fact that the opal is a@jeneous layers approaches zero, the structure of such a sys-
highly scattering medium, and therefore dye molecules situtem becomes similar to that of photonic crystals, if packing
ated in the vicinity of the surface of the sample, and thus noof particles in the disperse monolayers is extremely high. In

Ill. THEORY
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this section we consider basic principles of the calculatiorreflects the short-range order in the system. For the closest
technique, and perform calculations for structures similar tgacking of particles the symmetry of their arrangement is
opal matrices and their replicas. close to the hexagonal one.
In order to describe spectral features of transmission and The coherent field of a multilayer medium consisting of
reflection of a multilayer scattering medium consisting of amonolayers can be written as follows:
system of correlated scatterers, one should take into account
interference cooperative effects, namely, coherent rescatter- N )
ing on particles and interference of the scattered waves. Co- (E"(2))=explik|z])
operative effects in a single monolayer are usually consid-
ered within the quasicrystalline approximatif2?,23. In a N
multi_layer system, not only the i_ncident radiation field and (E‘(z))=exp(ik|z|)2 G ex (j—1)2ikl,], (6)
the fields scattered by other particles of the same monolayer j=1
contribute to the effective field for a given particle, but fields
from particles of other layers also do. with e being a unit polarization vector of the incident wave;
This is the main difference of the multilayer system astEGj(t Zp) are the forward and backward scattering am-
compared to a single monolayer. Based on the assumption pfitudes of thejth monolayer in the presence of other mono-
the statistical independence of the individual monolayers, itayers, and,, is the interlayer spacing. We use the method of
is possible to find first the scattering amplitude of a singleself-consistent field which provides consideration for irradia-
monolayer by taking into account multiple rescattering ontion between the monolayers to evaluﬂé. In this case
particles within the layer, and then to account for the reirrani satisfies the expressions
diation of different monolayers of the sample under consid-
eration. m-1 N
We suppose that all the layers are parallel to each otherGrTq=F++F+ 2 Gj“rF‘_ 2 G; exd (j —m)2ikl ],
and equally spaced. Let us consider a wave vektof the -1 j=m+1

N

e+ G|, (5)
j=1

incident plane monochromatic wave to be normal to the @)
plane of the monolayers and parallel to the unit veagr m—1

giving the z-axis direction. In order to describe the coherent G_=F +F" E GH+F*t

field of a single monolayer we use the scattering amplitudes m =1

F*=F(*Zz,) within the quasicrystalline approximation in
the form

N
X > | Gy exel(j ~m)2ikl ). )
j=m+

r
Fr=-— ep? p(21+1)(ci+dy), @ The sums in Eq95) and(6) describe coherent irradiation

that themth layer experiences from other layers. In order to
- '?XaIT(aEtE( ))T?e dcof;}erent A transm;lssiqn co::fffi_cient
- _ _ _ = z and the coherent reflection coefficient
F ek72| p(-DYE+D(E=d). @ R*=|(E"(2))|? one should solve a system of equati¢is)
with respect ta3,, , and then substitute the solution into Egs.
In Egs.(1) and(2) the plus and minus signs correspond to (5) and (6).
the transmitted and reflected waves, respectively. The coef- Numerical calculations have been carried out for a layered
ficientsc, andd, satisfy the expressions system consisting of close-packed monolayers of spherical
particles with hollow voids and with voids filled with another
material with different refraction index. The refraction index
c|:a,+a|2| pLPuCy+Qyody/], (3 of the spheres was taken to be equahtg=1.26, which is
close to the effective refraction index of silica clusters in the
artificial opals. The density of the particle arrangement
d,=b,+b,> p[Py.d+Qy.c ], (4)  within a given monolayer was close to maximithe over-
I lapping factorp= pwd?/4=0.6). The interlayer spacing, de-
fined as the distance between two planes connecting centers
wherea, and b, are the Mie coefficientsp is the surface of particles in two neighboring monolayers, was taken to be
concentration of particles, arfél;, and Q. are the coeffi- equal to the particle diametel
cients that take into account coherent irradiation of the par- The coherent transmission and reflection of the system are
ticles within a monolayer. Explicit expressions fBf;, and  presented in Fig. 9 as functions of the dimensionless param-
Qy» are rather complicated, and can be found in Refseterx=ad/\ for a set of number® of monolayers in the
[22,23. Here we just note that these expressions include theystem. It should be noted that we can introduce the param-
radial distribution functiorg(r) which accounts for correla- eterx sincel,,=d in the system under consideration. It is
tion in the arrangement of particles. This function can beevident from the figure that faN=2 a dip in the transmis-
calculated by using a model of solid spheres. For a closesion spectrum and the corresponding maximum in the reflec-
packed system of particles tigér) function has sharply pro- tion spectrum appear, which grow with increasiNg The
nounced maxima for values corresponding to the most spectral position of the dip fod=0.2 um andx=1.43 cor-
probable distances between particles. This behavigy(of  responds to the wavelengiiv~=440 nm. Ford=0.3 um we
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FIG. 9. Optical transmission and reflection spectra for a set of 400 500 600 700 800
sequentional layers consisting of close-packed spheres with the cu- Wavelength (nm)
bic symmetry. Numbers at the curves indicate the number of the

layers. The refraction index of spheres vs voids is 1.26. FIG. 10. Calculated normalized transmission spectra of the

multilayer close-packed system consisting of spherical particles.

. . . . . The particle diameter id=0.2um, the particle refraction index is
obtained\ ~660 nm. Therefore, an increase in particle di-, __1 76 and the number of the layersNs=300. The refractive

mensions(which is equivalent in the case of the opals tOjndex of the medium embedded in the interparticle voids is

an increase in the interlayer spacingsults in the long- n.—1.0(1), 1.328(2), 1.361(3), 1.426(4), and 1.497(5).
wavelength shift and broadening of the dip.

Transmission spectra for systems with filled voids forTnhe first results in this field have recently been reported by
d=0.2 um andN= 2300 are shown in Fig. 10. The dip shifts astratovet al. [27].
toward the |Ong'WaVe|ength region and deepens with the in- As the next Step’ embedding of |ight_absorbing and
crease in the refraction indew; of the material embedded in emijtting species like rare-earth ions, organic molecules, and
voids. The calculated dependence of the position of the digemiconductor quantum dots will provide experimenters
on the refraction index of the filler for structures similar to with an opportunity to test basic effects that are of great
that examined experimentally in Sec. Il, is presented in Figtheoretical and practical importance. A number of basic phe-
4 along with the experimentally measured dependence. It ifomena inherent in photonic crystals have been discussed in
evident that the calculated and experimentally measured dene literature[ 1,2,4—6.
pendences of the dip position on the refraction index of the |y addition, we wish to outline the effects promoted by
filler are qualitatively similar. The theory yields the faster the interplay of intrinsic properties of species embedded in
growth of the position of the dip witmg . The possible the photonic crystal, and the enhanced sensitivity of proper-
reason for this discrepancy can be connected with the partigles of the crystal to small deviations of material parameters:
impregnation of silica globules by the filler, resulting in a (j) intensity-dependent spectral bandpass, stop band, and cut-
change in the effective refraction index of the globules.  off features due to intensity-dependent refraction and absorp-
tion index of the filler, e.g., semiconductor quantum dots;
IV. SUMMARY AND CONCLUSIONS and (ii).electric—field—dependent transmission, refleg:tior), and
deflection due to electric modulation of the refraction index
In summary, we have demonstrated the formation of &f the filler. The former provides an effective way of con-
photonic frequency stop band in a three-dimensional dielectrolling light by light, whereas the latter may be used in
tric lattice consisting of two sublattices of the refractive me-electro-optical devices. Both effects will occur not only in
dia with small dissipative losses. Numerical simulationsthe case of the actual photonic band gap, but also in the case
based on the quasicrystalline approximation show reasonabisf a pseudogap. The aforementioned issues will be the sub-
agreement with experimental results. The results obtaineféct of our forthcoming papers.
can be interpreted in terms of a renormalization of the pho- Taking into account the previously reported results on
ton density of states, and the formation of a photonicunique interference-based electronic properties of the 3D
pseudogap. Along with the findings reported by other authorgnesoscopic arrays made from opal3osephson media
[10-12,24, this result is a step toward fabrication of a pho-[28,29, a 3D array of tunnel junctiong30], or thermionic
tonic crystal actually exhibiting a forbidden gap in the pho-converters[26]) we may conclude that opal matrices look
ton density of states with a number of challenging consevery promising for creating advanced electronic, electro-
quences in the light-matter interaction. Further progresgptical, and optical circuitry.
towards solid-state photonic crystals can be achieved by an
enhancement of the relative refraction index up to values
n~2 and higher. One of the possible ways is, e.g., an im-
pregnation of the opals by sol-gel emulsions that experience Stimulating discussions with Professor S. Ya. Kilin and
solidification after filling to form a solid-state lattice with a Professor A. N. Rubinov are acknowledged. The work was
large n value. Such a possibility has been recently demonsupported by the Foundation for Basic Research of the Re-
strated for several other porous mefl2®,26. Another way public of Belarus, and in part by the International Soros Sci-
is to impregnate opals with polycrystalline semiconductorsence Educational Program.
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