PHYSICAL REVIEW E 67, 016612 (2003
Optical properties of inverted opal photonic band gap crystals with stacking disorder
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We present a detailed study of the effect of planar stacking disorder on optical properties of inverted opal
photonic crystals. Systems with periodic stacking sequences are first studied that include face centered cubic,
hexagonal close-packed, and doubly hexagonal close-packed photonic crystals. For the structures with periodic
stacking order, we evaluate the band structure followed by calculation of transmission spectrum along the
direction perpendicular to the hexagonal close-packing plane of the structures. Inverted opal photonic crystals
with random stacking sequences are then studied by calculating average transmittance of the photonic crystal
slabs over various random stacking configurations. The position and width of the lowest stop gap along the
direction normal to the hexagonal close-packing plane is found to be invariant, regardless of the stacking
sequence in the photonic crystal. We show how the propagation properties at higher frequencies are affected by
the stacking configuration®oth periodic and disordered stacking sequengasticularly those near the edges
of the absolute band gap. The obtained results are directly relevant to transmission/reflection experiments on
inverted opal photonic crystals with complete band gap.
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[. INTRODUCTION “air-sphere” structure can be obtained by removing the di-
electric spheres after the infiltration procd48,14. These

Materials whose refractive index is modulated with a pe-artificial structureghereafter called inverted opabf which
riod on the order of the desired wavelength of operation havéhe refractive index contrasé=n,/ng is normally lower
attracted much attention over the last decéti®]. These than 2.6, have shown a strong photonic effd&—-18§. The
structures, known as photonic crystals, give rise to strondabrication of an inverted opal with a CPBG in the near IR
coherent multiple scattering of electromagndfd) waves range by means of opal templating techniques has been re-
within the material. As a result, a frequency region of speccently reported19,20.
trum (stop gap opens up in which light cannot propagate. If It is well known that synthetic opals have intrinsic disor-
the scattering is strong enough, the stop gaps in all directionder including stacking faults, lattice dislocations, and point
will overlap, leading to the formation of a complete photonic defects. Vlasowet al. [21] first studied the influence of vari-
band gap(CPBGQ in which EM wave propagation is forbid- ous types of defects, especially the stacking faults, on optical
den irrespective of propagation direction and photon polarproperties of synthetic opals by means of study of transmis-
ization. Recently, considerable effort has been made in desion, reflection, and diffraction along different crystallo-
sign, fabrication, and numerical simulation of artificial graphic directions. Although the point defects can be much
crystals because CPBG structures promise to be an importaregduced by using colloidal particles with narrow size distri-
ingredient in the development of optical devices with novelbution, stacking faults are inevitable in the self-organization
propertied 3]. process. As an illustration of the stacking disorderAete-

In order to open a CPBG in the visible/near-infrared re-note a hexagonal close-packing layer; normally the growth
gion of light spectrum, modulation period of refractive index direction of opals is perpendicular to this dense hexagonal
must be less than Lm. In this regard, colloidal particles are plane. Now there are two possibilities that the next layer can
believed to be the fast and cheap building blocks for photobe placed: positionB andC. Thermodynamical studies have
nic crystals owing to their submicrometer sizes and selfshown that the difference in free energy between these two
organization property. Monodispersed spherical microparstacking configurations is negligibly smai2]; the resulting
ticles can self-assemble into a three-dimensi@8B) close-  structure may not be pure FCC with repeatiB C stacking
packed array to create an opal that was shown to displagequence along the growth directidrv,23. It could be hex-
photonic gap effecf4—6]. Although these synthesized 3D agonal close-packing structufidCP) with ABAB. .. stack-
artificial structures exhibit only a stop gap, theoretical studiesng sequence, or a double HCP struct(i2HCP) with
[7-9] have shown that a CPBG exists in the inverted strucABCBABCB. .. stacking sequence containing periodic
ture. This system consists of a face centered c(ybi€C stacking faults as compared to the FCC structure. Further-
crystalline of low dielectric spherical scatterers with refrac-more, studies of concentrated colloidal dispersion show that
tive indexng in an interconnected high dielectric matrix with the most common type of structures in a shear ordered col-
refractive indexn,. These predictions have triggered exten-loidal crystal is close to a random stacking of close-packed
sive experimental work to use opal as matrices and to fill thelanes [24,25 with a stacking sequence such as
voids in it with materials of high refractive index to fabricate ABCBABACABAC. ..

CPBG crystals in the visible and near IR range of ligt@— Because an inverted opal is created by the direct templat-
12]. In order to increase the contrast in refractive index, aring of opal, the produced macroporous materials preserve all
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the disorder introduced in the original opals. Unless the pho-
tonic band gap is robust enough to survive these inevitable

disorders, the potential for application of these inverted opal

crystals would be compromised. Recent supercell simulatior W$
showed that the optical properties of an inverted opal are s s e Sl 20 B i BB Th R ¢
affected by geometrical nonuniformity. The CPBG could be Sl D e 0008 0 OE0 ey
destroyed by a moderate amount of disorder in the sizes an B W N i S N
positions of the air spherg¢26]. Yannopapast al.[27] have PPttt b A A A A b
very recently shown that the introduction of a certain amount Y Y Y Y Y Y Y Y Y Y rrg
of stacking faults in an inverted FCC opal is associated with i sdndndtidibodisdodindody

some very interesting property such as the light localization
due to disorder.

In this paper we investigate in detail the optical properties
of an inverted opal photonic crystal with both periodic and
I(’jandom plal_’lar stacking sequences. For structures with O[ﬁX of gallium arsenided denotes the distance between neighboring

ered stacking sequences both band structure and transmfg-

sion spectra are presented. The periodic stacking structurﬁgers of air spheres in the structure. The front and end surfaces of

L . e host medium are assumed to be situated at the same didtance
to be studied include inverted FCC, HCP, and DHCP opal rom the first and last layers of air spheres, respectively.

which contain three, two, and four planes of spheres in the

stacking unit, respectively. For these periodic systems, W€ice of the host matrix respectively. We choose the axes

find gaps and nonpptlcally active bands in the band Strucéuch that the layers of air spheres lie in thg plane. Thez
tures along the axis perpendicular to the hexagonal close;

packing planes, which are further verified in evaluation c)fdlrecnon, which is perpendicular to the planes of air spheres,

> M - ._.can be referred to g411] in FCC and[0001] in HCP and
transmission spectra. We then discuss how the transm|53|%1HCP notationgsee, €.g., Ref21])

property is affected by introducing random planar stacking in In the following discussion, we use a dimensionless fre-
the photonic crystal slab. We found that the transmission = ] i )

spectra of random systems show strong dips at nearly th@U€ncye=wD/2mc, whereD is the diameter of air sphere
same frequencies as periodic systems do. In addition, largg"d¢ the speed O/f light in vacuum and can be expressed as
fluctuations in the transmittance are observed at the edges Bf=2V2(3f/16m) "« with f being the volume filling frac-

the stop gaps at higher frequencies for random systems. WN of air Spheres. The adop'_uon of th|§ unit will allow for a
also show that the nonoptically active range of frequencie§lirect comparison of photonic properties among structures
observed in the transmission spectra under normal incidencgith different stacking sequences. In all the numerical simu-
for periodic structures become coupled to the incident lightations, we set the parametéy=D/2 and assume an array of
by applying off-normal incidence or by breaking the symme-touching air spherefilling ratio f=0.74) in GaAs(refrac-

try along the stacking axis via the introduction of stackingtive indexn,=3.6). Furthermore, we are mainly concerned
disorder. with the transmission properties under normal incidence,

which are measured in most experimefis—17,19,20)

though some calculations for the case of off-normal inci-
Il. DISCUSSION AND RESULTS dence for the FCC structures are also presented. In our band
ostructure evaluations, excellent convergence is achieved by

calculate the band structure of our systéa8—3d. This including spherical waves with angular momentum up to

method is accurate and highly efficient as the scattering mamax= 7 in the local expansion of EM waves. The transmis-

trix of each sphere can be handled analytically. The onlySio" calculation was performed usifig,,=7 in the angular
requirement is that the spheres do not overlap. In order t§'°mMentum expansions and 37 2D reciprocal lattice vectors

evaluate the transmission/reflection spectrum of PBG matd! the_glane-wave expansions. This gives a relative accuracy
gof 10> for the transmittance of an individual sl&®7].

rials with a finite thickness, we employ the on-shell metho
[31,37], in which the transmission and reflection coefficients
of a homogeneous plate or a multilayer of spherical particles A. Inverted opal with FCC structure

of given periodicity parall_el to th_e surface can be calculated. In Fig. 2 we present the band structure of an inverted opal
The crystal slabs considered in our paper can be seen as '

successive stacking of identical planes of close-packed aﬁﬁotonic crystal with FCC geometry. It is known that this
9 pla pact structure exhibits a CPBG when the refractive index of the
spheres embedded in a host medium of GaAs, which ar

shown in Fig. 1. The neighboring planes of spheres are sepaﬁ—OSt mediumn,>2.8[8,0. As can be seen here, the FCC

rated at a distancg= \/6a/3, wherea is the nearest neigh- struc,jture .poss~es~ses a CPBG centered)ap.542 with .a

bor distance in the 2D plane of air spheres. The identicalelative sizeAw/wo=5.7% between the eighth and ninth
layers of air spheres are further assumed to be parallel to tHands. Along thé’L symmetry line which corresponds to the
surfaces of host medium. We restrict our considerations tb111] stacking axis in FCC, the structure develops three gaps.
the cases where the first and last layers of air spheres afeounting from low to high frequencies, the first gap iswat
situated at the same distandgfrom the front and end sur- ~0.288-0.365 between the second and third bands, the sec-

FIG. 1. Schematic representation of an inverted opal in the ma-

The multiple scattering method is probably best suited t
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The dependence of the transmittance on thickness of the
FCC inverted opal slabs is shown in Figga3 3(b), and
3(c), where we plotted the transmission spectra for three
slabs with 8, 16, and 32111) layers of air spheres, respec-
tively. Transmittance curves display pronounced dips exactly
within the three frequency regions of gaps aldig symme-
try mentioned above. For example, the dips in the transmit-
tance for the slab consisting of 32 layers of air spheres are at

©~0.287-0.366, »~0.483-0.498, andw~0.502-0.570,
which are in good agreement with the results deduced from
the band structure calculation. Extremely small transmittance
in these frequencies is observed because EM wave propaga-
tion is prohibited as a consequence of photonic band gap
effect. The dips are also seen to deepen as the number of

FIG. 2. Photonic band structure of an inverted opal composed ofayers increases.
close-packed FCC lattice of touching air spheres in gallium ars- Twg singularities in the transmittance curve are also seen

enide. Other parameters are given in the text.

within the third stop gap in Fig. 2. Although independent of
the number of layers of spheres and the stacking sequences

ond one is ato~0.484-0.498 between fifth and sixth bands, s will be seen in later discussions, the position of the sin-

and the third one is ab~0.503-0.570 between the eighth gularities is found to change when we increase the value of
and ninth bands. The third stop overlaps with the CPBG othe parameted,, whereds is the distance of the first layer of
the structure. The band structure of an inverted FCC opakir spheres from the surface of the host mediuesults not
photonic crystal in GaAs matrix is similar to that in silicon shown herg[33]. Although the underlying physical picture

matrix [see Figs. @) of Ref.[8]].
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is not quite clear yet, the results indicate that the singularities
could be related to the heterostructure effect at the interfaces
between the homogeneous substrate chips and macroporous
host medium.

In addition, we notice a narrow dip in the transmittance

curves above the third stop gap, which is locatedwat
~0.577-0.586 for the slab having 32 layers of spheres. Ba-
sically, this nonpropagating regime of frequency is not a re-
sult of photonic gap effect but stems from decoupling of the
normally incident light to a nondegenerate band aldig
symmetry line, an effect that has been observed experimen-
tally in 2D photonic crystal$34] and predicted theoretically

in 3D photonic crystals with FCC geometf$1]. Here in
order to display more clearly the decoupling effect in the
FCC inverted opal, we have enlarged the transmission spec-
trum and the corresponding band structure in these frequen-
cies and show the comparison in Fig. 4. As is seen in the
figure, only the 11thinondegenerajeband exists over this
low-transmittance region, so the incident light is totally re-
flected due to the absence of coupling with the macroporous
medium. Although an initial increase in the number of layers
of spheres can lead to an increase in its dépte Fig. 3,

this narrow dip will saturate and cannot be further deepened
when the number of layers of air spheres excdg¢as30.

As the frequency goes above this symmetry-forbidden de-
coupling frequency regime, pass band region with strong os-
cillations in the transmittance is observed for all slabs under
normal incidence. These peaks with high transmittance are
so narrow that they may be difficult to observe in experi-
ments if the spectral bandpass is not fine enough. As seen
from Figs. 3a), 3(b), and 3c), the number of these states is

FIG. 3. Transmittance curves of light incident normally on slabsdetermined by the number of planes of air spheres in the

of the FCC PBG material consisting of&), 16 (b), and 32(c) FCC

slab. These peaks are due to the excitation of the leaky

(112) planes of touching air spheres in gallium arsenide. Other pamodes that are confined to the interior of the slabs by the

rameters are given in the text.

incident light field(see, e.g., Ref.35]). It is noted that the
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0.64 ' ' i 0.64 structure and transmission spectrum alp®@01] axis for an

0.62 Y Lo.62 inverted HCP opal structure in GaAs matrix. The results are
presented in Fig. 6. In the band structure shown, Fig),6

060 0 we observed that the HCP structure possesses a CPBG be-

0.58 - % tween the 16th and 17th bands, which centerB@t 0.546

0.56- . Toss with a relative size\ w/wq=3.8%. The CPBG in HCP struc-

8 ose 0543‘ ture occurs at virtually the same frequency but has a smaller
g ] L] ] size as compared to the FCC case. A similar conclusion has
0.52 L Lo.52 been obtained by Busch and Jol&} who studied the band
050 ol 0,50 structure of an inverted opal in silicon and showed that the
| | CPBG of the HCP structure is somewhat smaller than that of
0.48- 1 P L the FCC structure. We also note that there are three stop gaps
L N Lo.45 alongI’A symmetry, which are located at~0.288-0.365,
5 " o - — ©~0.486-0.496, and »~0.506-0.568, respectively.
In7 Among the three gaps, the center and width of the first gap is

the same as that of the FCC structure, while small variations

FIG. 4. Comparison of transmittand¢keft pane) of light nor- . .
mally incident on the slab of the inverted opal FCC PBG structure”! the band gap edges of the two higher gaps are seen when

consisting of 16111) planes of touching air spherf&ig. 3b)]and  the periodic stacking unit is replaced wikB. _

the band structuréright pane) of the inverted opal FCC photonic In Fig. &b), we plot the transmittance as a function of
crystal alongT'L symmetry axis(Fig. 2. Other parameters are frequency for a HCP PBG material with 16 layers of touch-
given in the text. The nonoptically active characteristics of the 11thNg air spheres in GaAs. The transmittance is calculated for
band alongl'L symmetry axis are exhibited clearly as a nontrans-light incident along the axis perpendicular to the hexagonally
mitting region in the transmission spectrum. close-packing planes of air spheres which are referred to as

o (000Y) plane in HCP structure. This direction corresponds to
level distribution of these states depends on the local stack

. ) . hel' A symmetry line in the band structure. In the figure, we
ing configurations as well as the number of layers of aifopserye ‘three dips in the transmittance which are located at
spheres in the slatsee later discussions

The above absence of coupling of externally incident ra~ 0-285-0.368w~0.484-0.496, and~0.506-0.568, in

diation with the nonoptically active band above the third gapg . ; .
can be removed by either moving away from the sym- try in band structure. We also notice that, instead of small

. : : . _transmittance in the FCC structure, a pass band with high
metry line or by changing the symmetry via adopting . ; ! . .
.. .ABAB... stacking order along axis, or even by transmittance above the third gap is observed in the inverted

breaking the periodicity with the introduction of stacking HCP photonic crystal since optically active band exists in

disorder. As the first evidence, we calculated the transmist-hls region for the HCP structure. In addition, the HCP struc-

sion spectra of an inverted FCC opal slab consisting of 1(%ure also displays a strong oscillation feature in the transmit-
layers of air spheres under off-normal incidence. In Fig. 5 weance at high frequenqes but the dlstr|but|on_ of energy levels

. o of these modes are different from that seen in FCC geometry
present the results for four different angles of inciderice

0, 15°, 25°, and 35°. The black lines are obtained for thedue to the different stacking configurations. Two singularities

X . : o in the transmittance are also observed within the third gap
s-polarized incident light where the electric field component

o= . h ) . ~.and they are located almost at the same frequency even
of the incident light is perpendicular to the plane of inci- though the stacking unit here is changed fraBC to AB
dence; the gray lines are obtained for fapolarized incident '
light where the electric field component of the incident light
lies in the plane of incidence. As expected, the nonoptically
active mode becomes coupled to the incident radiation when A DHCP structure is another class of structure with peri-
the direction of incidence moves away frdmpoint, which  odic stacking order but with a larger stacking uffigur lay-
leads to high transmittance in this region. This operation foers ABCB). As a consequence, new band modes occur and
coupling holds for botts andp polarizations. We also found the photonic band diagram becomes quite complex, particu-
that the first and third gaps shift to high frequencies, wherearly in the regions of higher-order bands. But similar to the
the second gap shift to lower frequencies, and they all beFCC and HCP cases, the inverted opal DHCP structure ex-

come narrower as the angle of incidence is increased. hibits a CPBG with a center frequenay=0.543, nearly the
same position as in the two structures studied above. The

DHCP structure, however, has a relative gap width/ w,

The HCP structure has a periodic stacking order with re=6.0%, which is substantially larger than the HCP structure,
peatingAB growth sequences. Band structure calculation usand slightly larger than the FCC structure. The value of the
ing plane wave expansion has shown that the inverted HCEPBG width obtained here by the photonic Korringa-Kohn-
opal photonic crystal structure also possess a CRBGro-  Rostoker method is slightly larger than the valBe5%) ob-
vided that the refractive index of the host matrix is hightained for the same system by plane wave expansion method
enough as in the FCC case. We evaluated the photonic bahn@6]. We note that for systems consisting of spherical scat-

C. Inverted opal with DHCP structure

B. Inverted opal with HCP structure
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FIG. 5. Transmittance curves along thé/ direction for the inverted opal FCC slab consisting of(161) planes of touching air spheres
in gallium arsenide. The blacigray) lines refer tos (p) polarization of the incident light(a) L point, (b) L+15°, (c) L+25°, (d) L
+35°. Other parameters are given in the text.

tering elements, the multiple scattering formalism usuallyThese nontransmitting regions of frequency are the corre-
gives more converged results than the plane wave expansi@ponding influences of the three stop gaps found in the band
method does. structure alongl’A axis for the DHCP structure, which is

We have calculated the transmission of a DHCP photonidisplayed in Fig. ?) for comparison. In addition to these
slab. Shown in Fig. (&) is the transmission spectrum along main gaps, the DHCP structure also develops two small gaps
[000]] stacking direction of the DHCP structure having 16 between the second and third main stop gap and these two
layers of touching air spheres in GaAs. It is seen that, abowsmall gaps are separated by two nondegenerate bands. Since
the regions of frequency where pronounced dips are obfor the region where there are only such nondegenerate band
served for FCC and HCP slabs, the transmission curve of themodes, the normally incident radiation will couple very
DHCP structure also shows three main pronounced dipsveakly with the material, leading to extremely small trans-
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'5_: FIG. 7. Comparison of transmittan¢keft pane) of light nor-
10 mally incident on a slab of DHCP PBG structure consisting of 16
] (0001 layers of touching air spheres and the band strucftight
-15 ] pane) of an inverted opal composed of close-packed DHCP lattice
_20_5 of touching air spheres in gallium arsenide al¢0g01] symmetry
E ] axis. Other parameters are given in the text.
-25 ]
305 stacked close-packed layers of air spheres is not a crystal,
R due to the loss of periodicity in another crystallographic di-
35_ rection (the growth direction For the inverted opal struc-
» ] ®) tures with a random stacking sequences, the band structure is
024 0.8 082 056 040 044 045 052 056 0.60 0.64 not_well defined and it is not g|ther practical to perform pho-
oD/2re tonic band structure calculations for huge supercells due to

computer time constraints. However, the transmittance
FIG. 6. () Photonic band structure of an inverted opal com-through a slab of finite thickness is well defined, and so we
posed of close-packed HCP lattice of touching air spheres in galug|cylate the transmittance and then average it over different
lium arsenide(b) Transmittance of light normally incident on a slab stacking configurations to study the disorder influence on the
of the HCP PBG material consisting of 18001 layers of touching  4nsmission property of the structure. The disorder in our
air spheres. Other parameters are given in the text, systems is introduced by randomizing the stacking sequence:
B and C having equal occupancy probabilities. A discussion
mittance. This leads to a continuously vanishing transmitof small portion of and periodic stacking disorders in the
tance in these regions of frequency, as is shown in the transnverted opal FCC structure can be found in H&f7].
mission spectrum in Fig.(@. Starting from the blue edge of  \We studied the transmittance of randomly stacked in-
the third stop gape~0.571, a nondegenerate band extendsverted opal slabs with three different numbers of layers of air

to w~0.580. Over this spectral region, there are no othegPheresN=16, 32, and 64. In order to obtain the mean pho-

band modes except for two degenerate bands located froffNiC properties of the stacking sequence disordered systems
~0.571 to @~0.572. This explains the nontransmitting with a finite thickness, we averaged the logarithmic of the

; ; : : ~transmittance (IT) over 100 stacking configurations. We
f | he th h - . .
eature immediately above the third stop gap in the transmit ave found that a further increase in the number of random

tance curve, which is also a resultant of the decoupling of th lizati q t lead 1o distinauishable diff )
external EM wave with the structure in this frequency re-realizations does not ead to distinguishable ditterence in
(InT) from the case of 100 configurations.

gion. Remember that the HCP structure is perfectly transmit In Fi first display th It of individual
ting in the neighborhood above the blue edge of the third N Fg. 8a), we firs Jispiay the resuft of oneé individua

gap. Thus, in this regard, the DHCP is similar to the FCCreahzatlon of the slab with random sequences of 64 layers of
case as we observed a low-transmittance region above tﬁguchlng air spheres |n.GaAs. We observed that the. transmis-
third gap for both structures due to the same reason. We m on spectrum of Fhe d|sord_ered structure also exhibits three
understand that a large fraction ABC stacking unit in the ronounced dips in the regions of frequency, about the gaps

slab could favor the opening of a dip in transmission specpf. periodic struciures. The occurrence of these dips in trans-
trum in this region mittance is due to the effect of strong light localization in

these frequencies. The width and position of the first gap
deduced from the first dip in transmission curve remain the
same, while small variations in the edges of the two gaps at
Although it preserves periodicity in the 2D hexagonal higher frequencies are observed as compared to the gaps of
close packing plane, a structure composed of randomlyhe periodic systems. This shows that the first gap of the

D. Inverted opal with random stacking disorder

016612-6



OPTICAL PROPERTIES OF INVERTED ORA. .. PHYSICAL REVIEW E 67, 016612 (2003

0...I...I...I...I...I‘nn 11-|||||||||||||1||||||||||||1|1||||||||||
-20_: 10—; E
1 1 0.6
] 9 g
-40 1
] 8 E
E ] 0.4
60 7- o 3
I~ -80—: 6— 0.2] E
£ © 5— E
-100 4 1 oo [ E
] 41 0.48 050 052 0.54 8./1526 058 060 0.62 0.64 3
-120_; 3_ wD/2nc 3
1404 (a) 2 2
] i 1 -
-160 —r——r—r——"r——r"1"——"1"—"—T T ] L
0.24 028 032 0.36 0.40 044 048 052 0.56 0.60 0.64 0 - 3
oD/2rc T T T T T T T T
024 028 032 036 040 044 048 052 056 060 064
0 . oottt L o0 0 Lo Ly Ly o s ) 0 |y (DD/ZTI:C
-20 o FIG. 9. Standard error ofin T) as a function of frequency for
] ; slabs of inverted opal having 64 layers of hexagonally touching air
-40 1 - . . .
] i spheres randomly stacked in gallium arsenide. Other parameters are
-60 ] b given in the text. Shown in the inset is the relative standard error of
A 80 (InT) vs frequency in the region from=0.48 tow=0.64.
R .
V100 E Plotted in Fig. 8b) is the ensemble-averaged logarithmic
_1205 : transmittance/In T) as a function of frequency for inverted
] : opal slabs consisting of randomly distributed sequences of
-1404  (b) L 64 layers of air spheres in GaAs. The transmission spectrum
160 ] below w~0.48 is almost the same as that of structures with

024 028 032 0.36 040 0.44 048 052 056 0.60 064  Periodic stacking unit. The third stop gap at high frequency,
@D/2rc which overlaps with the CPBG in periodic systems, survives
stacking disorder although the transmittance at its red and

transmittancéIn T) of light normally incident on a slab of inverted blue edges IS suppr_essed d_ue to .I'.ght Iocqllzatlon effect. This
opal having 64 layers of hexagonally touching air spheres witheontrasts with the disorder in position of air spheres that was

random stacking sequences in gallium arsenide. Other parametei@Und to destroy the high-frequency absolute ¢ag,36.
are given in the text. We thus conclude that for inverted opal photonic crystals to
function, it is important to have a good control of the size

_ i ) ) uniformity of the spheres, and hopefully the monodispersity
inverted opal photonic crystal is almost independent of the

stacking sequence in the opal template; the two gaps at
higher energy can still survive although small variation in
their edges occurs as a consequence of defect states creat '°°°'§
near the edges of the gaps of the periodic systems. ]
On the other hand, with the introduction of random stack-
ing sequence, wild oscillations in the transmittance develop - ik
in the region of frequency around the red and blue edges o ]
the third gap of the periodic systems. This phenomenon isg
anticipated as we have shown above that the transmissio
property changes dramatically in these regions even for pe 4,
riodic systems with different stacking units. Thus, for ex- ]
ample, any small deviation in stacking sequences from the
orderedABCABC. .. stacking configuration should intro-
duce propagation band modes in the region above the thirc 4 !
stop gap where only nonoptically active nondegenerate bant 5, o028 032 035 o040 044 048 052 056 060 064
modes exist for the FCC structure. At higher frequencies that wD/2rc

start atw~0.58, the strong oscillating feature observed in  FiG. 10. I/d as functions of frequency for inverted opals with
systems with ordered stacking sequences preserves for thghdom stacking sequences. The dotted, dashed, and solid lines are
random system. It is found that the energy level of thesdor slabs of inverted opal having 16, 32, and 64 layers of hexago-
leaky modes associated with narrow high transmittance isally touching air spheres randomly stacked in gallium arsenide,
also sensitive to the local stacking configuration. respectively. Other parameters are given in the text.

FIG. 8. Individual (a) and ensemble-averagéhl) logarithmic
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can minimize the positional disorder in opal templates. In order to describe the transport property of EM waves in
For the disordered structures, another remarkable changerandom dielectric medium, a localization scaling leriggh
is the development of a diminishing transmittance spectralisually introduced in numerical calculations witthid=
region over wide frequencies above the third gap. The nar—2N/(InT), whered is the distance between neighboring
row dip immediately above the third gap can be understoodplanes of air spheretsee, e.g., Refl37]). In Fig. 10, we
as follows. We remember that over this region, both FCC anghow the results for inverted opal photonic structures in the
DHCP structures develop nontransmitting spectra, whered®atrix of GaAs with random stacking sequences containing
total transmittance is observed for a HCP structure. This sughree different number of layers of air sphefds- 16, 32,
gests that any occurrenceABC in the stacking sequence in and 64, wheré/d is plotted as a function of frequency. The
random system favors, to some extent, the appearance ofl@calization length tends to converge in the regions of fre-
dip at these frequencies, although the specific positions maguency, about the gaps of periodic systems, when the number
change slightly for different configurations. On the otherof layers of air spheres is increased from 32 to 64. For these
hand, the physics underlying the strongly reduced transmitspectrum regions, where the uncertainty (6 T) is very
tance at higher frequencies starting @t0.59 is due to Small (see Fig. 9, I/d can be well approximated as the
weak light localization, and can be examined more quantita'.AJ‘derS_On localization length. This suggests that all three
tively by plotting the localization length for different thick- Photonic gaps remain well defined in inverted opal photonic

ness of the slabs in later sections. crystal even in the presence of random stacking sequences.
We also calculated the standard ersothat characterizes  AS Pointed by Asatryaet al.[37] in the study of disorder
the fluctuation of individual IiT from the mean valuéinT). N 2D photonic crystals with a finite thicknedgd incorpo-

The o is defined asr==|8|/N,, whered, =InT—(InT) is rates contributions from both Anderson localization and

the deviation of the individual measurement offN.. is the Fabry-Perot interference effect. In Fig. 10, the localization

number of configurations, and the sum runs over all randon§ffect due to light interference among layers of air spheres in
stacking configurations. In Fig. 9; is plotted as a function the inverted opal is observed in the region of frequencies,

of frequency for inverted opal photonic slabs with 64 layers2POUt the pass bands below the second gap of the periodic

of touching air spheres in GaAs. We observed that belovpYStems, whert/d shows oscillatory behavior. This property
~ o : . Is consistent with the fact that the localization length in these
w~0.48, the fluctuation in transmittance is very weak al

“regions is usually larger than the slab thickness, at least for

though a small error mainly at the edges of the first gap 'Jlabs with 32 and 64 layers of air spheres. For the regions at
observed. Consequently, the transmission property of the

slab is not affected by the stacking disorder when the fre®~0-495-0.505 and~0.572-0.585, a reduction of local-

. ~ . ... ization length is also observed but generally is accompanied
quency is lower tham~0.48. This means that the p05|t|on with large fluctuations in the mean val(gee Fig. 9, which

_and width of the lowest gap aI_ong stacking direction remaiNdicates an effect of weak localization in these frequency
intact, regardless of the stacking sequence. In the frequen%gions_ In EM wave propagation, the effective perturbation

region where the third dip survives under planar StaCk'ngdue to structural disorder, as manifested in the variation in

dlsqrder_l,_;he stangard deV|at|on<d|:|h T>| IS aI;sho s_mallt mftlk:u_s 9the positional dependence of dielectric constant, is weighted
region. This can be seen more clearly in the inset ot =ig. by a factor ofw?. Thus localization effect will become more

where we display the rel_atlve s_tandard errot (o, . noticeable as frequency goes up. This may explain the re-

=a/{InT)) at these frequencies, which measures the reIath((ej d localizati | h in the f .~

fluctuation of (InT). These results show that defect statesCU¢€ ocalization length in the frequency regiow (
0.585) where a localization length on the order of a few

introduced by staking disorder are more located near th _ )
edges of the gaps, which leads to the preservation of the gay/€" thickness is observed. Howevild does not converge
or the inverted opal photonic crystals considered, so light

along stacking direction even under the influence of rando I o ) ,
stacking sequences. Nevertheless, in the presence of Stroﬁ)gahzatlon is still weak in this region even for the slabs with
' layers of air spheres.

disorder in stacking sequence, large fluctuations in transmif
tance, which are generally larger than 12%, are observed
near the blue edges of the two gaps at higher frequency and 1. CONCLUSIONS

in the frequency region beyond~0.585. This contrasts to  Using EM wave multiple scattering technique, we have
the small relative standard error in the region inside the gapstudied the effect of different stacking sequences on the op-
We note that for periodic systems such as FCC and DHCRcal properties of inverted opal photonic crystals composed
structures, decoupling phenomenon usually happens in thef close-packed air spheres embedded in high dielectric ma-
pass bands near the blue edges of the two higher stop gapfix of GaAs.

This suggests that the inverted opal may become coupled to \We show that all the periodic structures with FCC, HCP,
the incident EM wave via the creation of optically active and DHCP lattices possess complete photonic band gap with
band modes in these regions as a consequence of disordgight variations in the gap edges. Along the symmetry axis,
perturbation in the stacking sequences. The highly transmiwhich corresponds to the direction perpendicular to the
ting leaky modes observed in the region abae0.585 are  planes of hexagonal close-packed air spheres, all the periodic
sensitive to the local stacking configurations, so different rephotonic crystals exhibit three stop gaps, with the first one
alization of the stacking sequences will result in strong fluc-being identical, whereas a slight variation in the gap edges of
tuation in transmittance in the region. the second and third stop gaps is observed. Excellent agree-
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ment between the band structure and the transmission spethe uncertainty of transmittance in the region, about the
trum along stacking direction are obtained for all these perigaps of the periodic structure, is small because deep gap
odic systems. states are rarely introduced. This means that these systems
We also observed nontransmitting regions of spectrum fogan withstand a fair amount of stacking randomness so that
the periodic structures for light normally incident on the we do not need to worry too much about the stacking disor-
planes of hexagonally close-packing air spheres. The pheter. However, light localization can be an issue for applica-
nomenon is well explained as a consequence of the existeng@ns that utilize the pass band or if we need to couple light
of only nondegenerate modes without any other degeneraig or out of the crystals in frequencies near the absolute gap.
states in the region in the band structure. Since the nondg=or sjabs with reasonable thickness, low-frequency pass
generate modes are nonoptically active for the normally inhands such as those near the lowest directional gap show
cident light due to symmetry reason, this leads to the nonpropagation behavior even when the stacks are completely
transmitting property in the regions of pass band. Itis furthefgisordered in stacking sequences. However, for pass bands
shown that coupling of the externally incident light to the near the absolute gap, disorder in stacking sequences can

material becomes possible by adopting off-axis incidence, bynake the localization length fairly small, e.g., a few layers.
changing the symmetry along stacking direction, or by intro-

ducing disorder in the stacking sequences.
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