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Classes of colloidal dielectric systems are found with full three-dimensional photonic band gaps, using
photonic band-structure calculations. The fcc structure composed from either high dielectric spheres or low
dielectric spheres has three-dimensional band gaps and lower-frequency pseudog#®2 Biricture has a
higher-frequency pseudogd$0163-18208)00307-5

A major thrust in the emerging field of photonic band gapties of such systems are not well established. In this paper we
(PBG materiald~> has been to design and fabricate struc-predict crystal structures that have full 3D PBG’s, and may
tures with three-dimensional photonic band gaps, at opticdbe assembled from colloidal crystals.
and near-infrared frequencies. Much interest has focused on Spontaenous emission depends both on density of the fi-
colloidal systems, since these self-assemble into threaial photon states and the transition matrix element. Crystals
dimensional crystals with excellent long-range periodicity, atwith directional stop bands will generally not alter spon-
optical length scales. Photonic crystals with full PBG’s cantaenous emission unless the stop bands overlap in all direc-
suppress spontaenous emission and control the lifetimes ¢ibns of k space and lead to a pronounced change in the
chemical species in catalytic procesesThe absorption- photon densities of staté®0OS'’s). Two-dimensional photo-
less colloid properties at optical wavelengths make themmic crystals are generally unsuitable for suppressing spon-
ideal for the first optical PBG crystals—which could lead to taenous emission, although they can be used to efficiently
interesting optoelectronic applications. extract the emitted radiatiofl. Hence we focus on three-

Colloidal crystal growth produces inherently three-dimensional PBG crystals here. Our calculations are based
dimensional (3D) structures, a significant advantage overon the well-established method of vector-wave solutions of
lithographic techniques which primarily produce two- Maxwell’s equations in a periodic dielectric structure utiliz-
dimensional patterns. Monodisperse colloidal suspensions afig plane-wave expansions of tReandH fields?14~1This
microspheres can self-order into crystalline structures at opiechnique has been pivotal in predicting and designing three-
tical length scale§-® Colloidal epitaxy on a patterened sub- dimensional PBG crystals with excellent agreement between
strate has produced macroscopic face-centered-ditiy  theory and measuremetitDensities of states are computed
colloidal crystals grown along the 100 directidrt low  with the tetrahedron integration method using grids in the
microsphere volume fractions<(5%), colloidal suspensions irreducible Brillouin zone.
crystallize in the fco(Ref. 7) and bcc(Ref. 8 lattices, that We consider fcc structures composed of sphéoesnore
show optical stop bands along certain crystal directions. Bicomplex elemenjsof refractive indexng embedded in a
nary colloidal mixtures of small and large microspheresbackground dielectric medium of refractive inday. f is
show an entropically driven phase separation into a closethe filling fraction of the dielectriag, andA the fcc lattice
packed arrangement of larger sphef®s. Binary mixtures  constant. Previous studies of the fcc structure of high dielec-
of hard spheres with a radius ratio 6f0.58 exhibit transi-  tric spheres ifs>1,n,=1) found a pseudogap between the
tions to the compleXAB, andAB,; crystal structuré€ with  lowest bands? The finding in this paper is that the fcc struc-

a high packing density=0.74) of the spheres. In spite of ture can be modified to obtain a rich varietyfafl PBG’s.
this wide diversity of colloidal crystals, the photonic proper-  The fcc lattice of close-packed touching dielectric spheres
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350 | dos n=2.81 gap/midgap ratio as a function of the refractive index contrast. Re-
300 b 110 sults are for the high dielectric spheres connected by cylirdégs
IX 1(b)], the binary system of dielectric sphergsg. 1(c)], and low
» 250 | -110 dielectric spheres in a high dielectric backgroufdy. 3).
O 200
e 150 E the free-photon DOSdashed line, Fig. )1 The higher-
100 L frequency DOS was not considered in the earlier work. The
g close spacing between flatter higher bafidenerates rapid
50 changes in the high-frequency DOS. Comparison with Mie
0 0“ ‘ e scattering theory is applicable in the limit of small spheres.
frequency (co/a) ' The low-frequency psued(_)gap at €;8A is a remnant of the
Mie resonances of a single sphéfewhere waves are
400 P T T T strongly scattered.
aso | 45281 410 ¢ | Experimental synthesis of this structure may be feasible
300 [ with coated spheres, having a high dielectric caneexns,
250 | and radiusR;=0.7R, whereR is the sphere radijienclosed
o : by a suitable low dielectric outer coatirighdex n,). Such
Q 200 . spheres can then be close packed in the fcc structure.
150 F This simple fcc structure can be modified to obtaifuth
100 | PBG. If the spheres at the fcc lattice sites are connected by
. thin dielectric cylinders, generating a connected dielectric
B network with f~25%, we obtain a full higher frequency

0 (;' o2 0‘4 06 0 1 12 14 16 photonic gagFig. 1(b)]. The higher pseudogap found with
" frequency (co/a) ' ' spheregFig. 1(a)] opens into a full three-dimensional gap
. . _ . ~ when the spheres are connected. This filling ratio is typical
FIG. 1. (@ Photonic DOS for fcc lattice of high dielectric of the best 3D-PBG structures found previously. The extra
spheres in a low dielectric background, with a 25% dielectric filling rods provide connectivity of the dielectric structure, which is
ratio. For comparison, the free-photon DOS is shown by the dotte¢inown to help the 3D gaps. The gap is robust faranging
line. Frequencies are expressed in dimensionless uniis, oA, between 20—30 %. The optimized gap occurs for a cylinder
wherec is the speed of light and the fcc lattice constant. DOSis | 44ius R.,/A=0.048 connecting spheres of radis/A
in units of photon states per unit ce{b) Calculated photon DOS —0.23 Elylhe band gap remains open for contrastsnof
for.the.fcc lattice of Q'elecmc Spheréﬁad'u.SRb) connected by thin =2.81 appropriate for titania. The minimum contrast needed
cylindrical rods (radius R,) to form an interconnected network, . . s .

. . ; - o to open the gap is 2.7, and the gap widens with increasing
displaying higher frequency gap. The filling ratio is 25%). The h Fig. 2). This struct b lized b losi
photon DOS for fcc lattice of large dielectric sheres surrounded b on raSt(h '9. )b ISS m(l:l ure T]ay € I’ec;i lrzle yI enclosing
smaller dielectric spheresR() in the 110 directions. Each large arge spheres by 12 sma _er Sp _eres,an ,t erma_ treatment to
sphere has 12 smaller spheres as neighbors for a filling ratio Ofluse the.smaller sphe_res into thin cylindrical rodllke_ connec-
27%. As in(b), a higher-frequency gap is found. tors._ Thls baI_I-and-stlck _structure may also be suitable for

fabrication with the rapid laser prototypifd.Connected

5 , . 0.45u-diameter titania spheres € 2.81) gives a pseudogap
has a featureless DO@ot shown,™ since the dielectric ot around 792 nm and a higher gap at 560 nm for the con-
fraction is too large. If the fraction of dielectric is reduced to ngcted structure, and pseudogaps at 776 and 558 nm for the
25%, a photonic DO$Fig. 1(a)] displays deep minima or disconnected structure of sphef&sg. 1(a)].
pseudogaps at 0.8 and 1.28,(A). An index contrast of Another related fcc structure is composed of larger
ns/n,=2.81 is used, appropriate for titania at optical wave-spheres R,/A=0.23 surrounded by 12 small spheres
lengths. The lower frequency pseudogap spans a wide frgR,/A=0.082), that reside symmetrically between the larger
guency range £15%), whereas the higher pseudogap isspheres, in the 110 directions. The spheres do not touch, and
very narrow. At the higher “gap” the DOS is actually below the optimizedf is 27% in this geometry. This structure has a
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FIG. 4. The transmission along the 100 direction of the fcc
FIG. 3. The photonic densities of states for a close-packed fcerystal of dielectric spherefDOS in Fig. 1a]. Shown are the
lattice of low dielectric sphere@efractive indexn,) in a high di-  transmission without absorptiofsolid line) and a substantial ab-
electric background r(;). The calculated DOS is for a contrast sorption[Im(e)=0.5] (dashed ling The real part of the dielectric
n,/n,;=3.1. The free-photon DO&lashed lingis shown for com-  function is kept constan®.89 in both cases.
parison.

background. This would be suitable in the IR region where

full gap [Fig. 1(c)], that is slightly reduced in magnitude Si (n=3.4) has low absorption, and 0,85avities give the
from the case with spheres and rods. Fabrication of thisull gap at 1.5 and the pseudogap at 2,28Using cavities
structure is a candidate for binary colloidal systems. Theof diameter 310 nm in a backgroumd=3.1 (Fig. 3) would
introduction of two different sizes of cylinders has beengive a pseudogap wavelength of 769 nm, and a full gap at
found to increase the size of band gaps in 2D-PBG cry$tals. 506 nm. These wavelengths simply scale with the size of the
The analog here is that introducing extra scattering elementsavity. Titania as backgroundh&2.81) can be used for the
in the unit cell, opens up three-dimensional PBG’s. The extrgpseudogap in the optical region.
rods or extra cylinders do not lower the crystal symmetry. A dramatic reduction of spontaenous emission would ex-
We also found that the skeletal fcc structure composed oist within the full band gaps of these fcc structures. Even at
dielectric rods connecting the lattice sites atd15-18 %  the pseudogap of the conjugate structffig. 3), the photon
also has a pseudogdpetween the 2-3 bangs DOS is lower than the free-photon value, and spontaneous

We now investigate the “conjugate” fcc structure where emission would also be suppressed. Using higher band gaps
the background has high dielectrio,t>1,ns=1). The band increases the frequency by 50% from the lower gap. At the
structure of close-packed air spher@fielectric f=0.26) band edges, the fcc DOS is considerably enhanced over the
generated much initial controversy.**2°Full vector-wave free-photon value due to the higher dielectric material.
band calculations demonstrated that this fcc structure does We investigate the effect of realistic absorption of the
not have a fundamental gap between the lowest bands. Thegaps using transfer-matrix calculations. We calculated the
second and third bands are degenerate aihpwint leading  transmission along the 100 direction of the fcc crystal of
to a pseudogap in the photonic D@Hg. 3. In addition, the  dielectric spheregf=0.25, corresponding to the DOS of
fcc structure has a remarkable full photonic band gap beFig. 1(a)], with a substantial absorptigim(e)=0.5)], and
tween the 8 and 9 bands, over the entire Brillouin z@fig.  compare it to the case without any absorptiéig. 4). The
3). The magnitude of this gap is largest almost at the closelow-frequency pseudogap generates a very deep minimum in
packed geometryf(=0.74), where the low dielectriair)  the transmissior(Fig. 4), that is mostly unaffected by ab-
spheres touch. For all filling ratios, the dielectric backgroundsorption. At higher frequencies the transmission is attenuated
forms a multiply connected network. The minimum refrac-by 15-20 dB with absorption. The recovery of the transmis-
tive index contrast needed to observe this gap is 2.9, someaion after the higher gap is poor, implying that it is difficult
what larger than the geometry of spheres and cylinleigs  to observe higher gaps when absorption becomes significant.
2). In the close-packed geometry, the gap opens for refracie found similar results in transmission calculations through
tive index contrast$,/n;>2.9 somewhat larger than that the conjugate fcc structure with absorption. Higher band
found with dielectric spheres and rodBig. 2). Since the gaps are more sensitive to absorption since the phase of the
higher bands are relatively flat, the band edges are relativelglectromagnetic wave ekpink.r) oscillates rapidly in the
insensitive to the direction of wave propagatfdn. unit cell for higher frequencies or large and the wave

A process to fabricate the conjugate fcc structure is to usamplitude is more strongly damped with absorptitm n>
higher dielectric background such as ceramic or semicondu®). In contrast, the lower band gaps are more robust to ab-
tor material enclosing lower dielectric microspheres. A pos-sorption and hence easier to measure.
sible high-contrast system consists of filling spaces between From transfer-matrix calculations we also found that the
polystyrene spheres with semiconductor such as nanocrystdiigher band gap is sensitive to disorder, whereas the
line silicon or germanium and evaporating the spheres t@seudogap is far more robust. It is also necessary to maintain
leave a matrix of spherical air cavities in a high dielectricthe ABC stacking sequence of the close-packed layers to
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observe the photonic gaps of the conjugate structure. The
alternative hcp structure witABAB stacking does display a
higher gap but not the lower pseudogap for the same dielec- o o BhGMoR
tric contrast used for the fcc structure. i : ‘
Since we found binary colloidal crystals with full PBG’s ‘
[the structure in Fig. (t)], we investigated the relatetiB2
crystal that was experimentally realized in binary mixtures of
hard-sphere colloids. In thAB2 crystal, largerA spheres

AB2- Rb/Ra=0.58
——— ————
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form close-packed layers. The smalleispheres occupy the . : ‘ A
trigonal prismatic cavities between thelayers. The result- 20 | ]
ing structure consists of alternating hexagonal layers of small [ | Qe aetl SR
and large spheres, with each large sphere surrounded by 12 0 0 02 04 06 08 1 12
smaller spheres. We performed calculations for the experi- frequency (cy/a)

mental geometr? with radius ratioR,/Rg=0.58, in which

the A spheres touch. o0 : —’ABZInb=‘1, ,‘,széj o (b)I I
The photonic DOS for the conjugafeB2 structure of low 500 [ e e .
dielectric spheres in a high dielectric background, ( E ]
=3.1n,=1) shows an interesting narrow pseudogap be- 8 400 E
tween higher band$Fig. 5@a]. The DOS becomes very S ok g
small over in a narrow high-frequency range is caused by a £ . ]
small number of band crossings occurring at this high fre- & 200 oo
guency. The DOS is below the free-photon value in this fre- i
quency range. As found in the fcc and hcp crystals, the “di- 100 ]
rect” AB2 structure with high dielectric spheres in a low 0 bew A N
dielectric background does not exhibit a significant modula- 0 01 02 03 04 05 06 07
tion in the photonic DO$Fig. 5b)]. The dielectric fraction frequency (Co/a)

f=0.82 issimply too large. FIG. 5. () DOS for the conjugaté&B2 structure with a high

) Generally, p.hotom.c band gaps haVEj‘ bee_n found to OCCUielectric background and air sphereg € 3.1n,=1). The sphere
in connected dielectric structures. Thefield lines are con- filling ratio is 0.82. For comparison the free photon DOS is shown

tinuous and the lower “dielectric” band consists of tRe  y the dotted line(b) DOS for theAB2 structure with dielectric
field concentrated in the dielectric regions. The upper “air” spheres f,=3.1) in an air backgroundng=1).

band consists of thE field concentrated in the low-dielectric
(air) region. The difference between the frequencies of these
waves produces the PBGThis analysis may be extended to
gaps at higher frequencies.

In conclusion, we found full three-dimensional photonic
band gaps and pseudogaps in fcc structures. Such structures
i he fccsuctre i spheres and cylndig. 2] Q1 MTesing poseites or coloidal ensa) g,
or the conjugate fcc structuf€ig. 3), the dielectric region is 3D PBG's. Defect states may be engineered into the gaps by

continously connected, allowing the distinction between di- erturbing the lattice periodicity. These svstems may have
electric and air bands. Even in a structure with two dielectrid’ 9 P vy Y y

sphereqFig. 1(c)], a dielectric channel is enhanced by thelntzrestmg ”"?‘pp"cha“o.”s Im |nh_|b_|t|ng spontaneous emission
smaller sphere. Dielectric filling ratiof of 20—-30 % are and controlling chemical reactivity.

optimum. However, for touching dielectric spheres or the We thank C. M. Soukoulis and K. Constant for many
AB2 structure of spheres, the dielectric regions touch atiseful discussions. Ames Laboratory is operated by the U. S.
single points, and is too large to produce gaps. The distinc- Department of Energy by lowa State University under Con-
tion between dielectric and air bands disappears—all bandsact No. W-7405-Eng-82. We also acknowledge support by
are concentrated in the high dielectric region. Connectvity othe Department of Commerce through the Center of Ad-
dielectric structures improves the PBG’s as found in othewvanced Technology Developme€ATD) at lowa State
3D structures. University.
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