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Optical study of the full photonic band gap in silicon inverse opals

E. Palacios-Lidon, A. Blanco, M. Ibisate, F. Meseguer, and C. Lopez?
Instituto de Ciencia de Materiales de Madrid, Cantoblanco 28049-Madrid, Spain
and Asociada CSIC-UPV, Avenida de los Naranjos s/n, 46022 Valencia, Spain

J. Sanchez-Dehesa
Department Fsica de la Materia Condensada, Universidad Adgma de Madrid, Cantoblanco 28049
Madrid, Spain

(Received 18 July 2002; accepted 29 October 2002

An optical study of the band structure of both silicon—silica composite and silicon inverse opals is
presented. The study is aimed at demonstrating the development of a full photonic band gap for a
system already revealed as paradigmatic. The characterization is based on the comparison between
the band structure calculations and optical reflectance spectroscopy experiments. This study is
carried out for various symmetry points in the Brillouin zone, some never explored before as K,
(110 and W,(210. The results show that, in accordance with the band structure, there is a certain
frequency range that produces a reflectance peak regardless of orientation and can be assigned to the
band gap. Similarly all other reflectance peaks can be accounted for by other band structure features.
© 2002 American Institute of Physic§DOI: 10.1063/1.1530752

Since the introduction of the concept of a photonic crys-  No matter how demanded, obtaining experimental proof
tal (PC),? much effort has been targeted at producing ancf the existence of a full PBG is a difficult task. Furthermore,
characterizing three-dimensiondBD) photonic crystals defining what constitutes hard evidence remains controver-
working in the optical wavelength range. These materialsial. Using the suppression of luminescence of an impurity
have a dielectric nature and possess a periodic modulation dfye embedded in the PC, has been proposed as a means to
the dielectric function. Consequently, their optical propertiesdetect the existence of a full PB.The local photonic den-
are determined by strong scattering effects and the propagsity of states will have to go to zero if a true PBG exists in
tion of electromagnetic waves within a certain range of fre-the PC structure. To date, this remains a challenge. Another
guencies may not be allowed. Stop bands may exist thagption would be the acquisition of transmission or reflection
prevent propagation along different crystal directions despectra along high symmetry directidh®f the first Bril-
pending on energy. These are referred to as pseudogaps tolpgin zone, namelf'L (111), I'X (100, 'K (110, and'W
differentiated from the case where, for certain energy range$210). If a range of frequencies were found where the stop
light propagation is forbidden regardless of direction in theband overlaps for all directions, if not a proof, a strong evi-
crystal. In the latter case the material is said to have a fulience of a full PBG would be given. In this respect the only
photonic band gagPBG). direction, other thai111),** from which reflectance has been

Three-dimensiona(3D) photonic structures are manu- obtained is, to the best of our knowledge, {60 direction
factured by using, among others, lithographic techni&ues,reported for silicon inverted opaté.
holographic lithograph,or nanorobotic manipulatiohThe In this work, we report on the optical characterization of
large scale fabrication of this sort of materials is, to a certairsjlicon infiltrated opals. Reflection measurements have been
extent, limited by the use of sophisticated technology angecorded from(111), (100), and (110 faces in the silica—
high economic cost. The use of “synthetic opal$ias been  sjlicon composite opal. In order to study the opening of the
proposed as a cheap and easy alternative. Colloidal spherpgG, the same kind of measurements have been performed
of different dielectric materialge.g., silica or latexexhibita  after the structure was inverted. We have found that, com-
strong tendency to self-assemble spontaneously into a fagfion to all these directions, there exists an energy band of
centered cubidfcc) crystal lattice” Infiltration of the inter-  intense reflectance. Comparison of this result with band
particle voids with materials of appropriate refractive index,strycture calculations, leads to the association of this reflec-
followed by removal of the spheres by dissolution, leads tqance peak with a full PBG. In addition, we have carried out
the formation of close-packed spherical air cavities embedoptica| reflectance measurements for (B&0) facet finding
ded in a high dielectric background. This new structure isagain good agreement with the theoretical predictions.
called an inverse opal. If the refractive index of the remain- e samples studied were prepared by using the same
ing material is high enougli>2.89, a full PBG, located methods described previouslyThe opal spheres are 0.97
between the eighth and ninth bands, is expected according {gm in diameter and the infiltration with silicon was carried
theoretical calculation®® Several reports have shown the out to a filling fraction of 90% of the pore. If templated

fabrication of inverted opals that neafhor fully':!? satisfy growth is not used® opals grow spontaneously along the

the requirements for the opening of a band gap. denser(111) direction by stacking hexagonal planes. In order
to expose facets in other crystal directions, sample cleavage

3Electronic mail: cefe@icmm.csic.es is necessary. Upon cracking, samples tend to show cleft
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edges of the most compact faces. Thus, the size of the cre- 1.0
ated facets and frequency of appearance increases frtin

A

to (100 to (111), with large sample areas showiftll) and 09 1
seldom presenting110) oriented planes. The sample was 0.8 ST % =
then placed on a spherical holder sitting on a washer thatz = S =
allows aligning the facet normal with optical axis of the 807 1= (B ] B
spectrometer. 806 _§’§§ § = -2

The reflection spectra were acquired using a Fourier 3 EHHES - = g
transform infrared spectrometer. It is well known that the @ %51 # == = (x5 r <
high energy bands are highly affected by the existence of 0_4__ i I= L -3
lattice disorder and that even the PBG can be cld8éd. i =y F
order to avoid these problems, an optical microscope with a 03 i . 5
Cassegrain 38 reflection objective was attached to the | [111] £ [100] 1 H [110] =6
spectrometer. At this magnification, single spheres can be W 30 60" XUz 0 L X Wao 60 00
clearly seen with a 18 eye piece in silicon infiltrated opals Reflectance (%) ~ Reflectance (%)  Reflectance (%)

of around 1um lattice parameter. At the wavelengths used in_, ., . _

. . 1. Calculated photonic band diagrams and measured reflectance spec-
these experiment\~2.5 um at the center of the spectra, a for propagation configurations close to the three principal directions
a/\~0.56) the diffraction-limited lateral resolution is3.3 X, and K points in a silicon—silica composite.
pum. By the use of the appropriate apertures, this arrange- _ . )
ment, allows taking spectra from a single crystal domain of &Ut @IS0 in the inverse system as will be seen. These two
few tens of microns in size with a high surface quality. Op-nonintersecting bands always give rise to a reflectance peak
tical microscopy images of the measured areas were sav different energy depending on incidence orientation. In all

along with the spectra. Due to the Cassegrain objectives dér-}reﬁ dflrtlalctpr;]s,ha pegkhcaén bg seenﬁ? ewdenp € Offthﬁ seed
sign, there is a light collection cone centered on the optic the full eighth to ninth band gap. The crossing of these

axis that remains blocked. Because of this, measurements atr%nds N té]ve \r/1|tcmlllty ?;ith\(levi\lllvbpmr:t \f/rur?:rzt%s tt?]e (i)npernlng Off
not performed at exact normal incidence but integrate direc'Ehes rge?gctivg inudaeg ,con?rast inetf?eein(\e/erfed é\,/trugturg eFaoSretkcl)e
tions comprised between two limiting angles. In our case ;

o o . . 110 direction a complex pattern of bands around the K
these angles are 15° and 30°. This imposes a selection of thg". : : )
. - oint produces a complicated reflectance at high energies.
light k vectors that actually impinge on the sample. When . . ;
. . N N In order to investigate changes in the spectra after the
pseudogap is probed along a given direction of the Brillouin.

. . inversion, silica spheres were removed by chemical etchin
zone the position of the experimental reflectance peak can he P y 9

. . o with a 1 wt % solution of HF in doubly distilled water for 7
acceptably explainédassuming that ths vector inside the h. Reflectance measurements performed in the same faces
PC follows Snell's law. The effective dielectric function _’

o . . . _ _ are shown in Fig. 2.
within the PC 1S .o.btamed from a filling fraction weighed In the three directions shown, spectra exhibit a broad
average. The limiting angles within the sample are 7° an

. . k centered in 0.&(\ ding to the full photoni
13° for the composite and 8° and 15° for the inverse opal cax centered In (\) corresponding to the full photonic

band . Nearly 100% reflectivity is obtained(irl d
Thus, in the photonic band diagrams, we have shaded thosean gap. Nearly 6 reflectivity is obtained(tL1) an

regions that are excluded from being probed by geometrica’ 1.1

constraints. Theoretical calculations were performed using 44 g
the plane wave expansion methid=or Si we have used a
value of 11.9 for the dielectric functioi.
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Faces in the Si@-Si composite were investigated first. = 08 - =
Although the refractive index contrastdjicon/Nsijca™2.41) < %71 = -2
is not high enough to open a full PBG, there is a very inter- g 0.6; % E;
esting variety of pseudogaps that appear along different di-§ 0.5 ; £ _3:
rections of propagation in the crystal. £ 04l = E _
Reflectance spectra recorded along thkl, (100, and &3l §-4
(110 directions and the corresponding theoretical bands cal- 02 [11] i [(1o0] E [110] gg

culated for a silicon infiltration of 90% of the pore are shown W L K g5 100" XU 50 100t K Wog 40 60
in Fig. 1. Reflectance (%) Reflectance (%)  Reflectance (%)
The experimental reflectance peaks match well with the ; -
pseudogaps predicted by the theory. The appearance of ir
tense reflection peaks at high energy reveals a good crysta
lographic quality of the studied faces. The lowest energy stof
band in the(111) direction appears very broad corresponding ) ¢ : ‘
to the first pseudogap region, generating a strong reflectanc . s i ok bk s N

peak. In other directions, however, the corresponding peak
§G. 2. Calculated photonic bands and measured reflectance spectra for the
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appears much narrower as expected from the band structurlg - A . .
. . . . three principal directions are shown along with the corresponding SEM
The gap between fifth and sixth bands gives rise to a secon age of the probed face showing evidence of the crystallographic orienta-

reflectance peak in all directions not only in the compositetion.
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predictions. Corresponding to the full PBG a peak appears at
0.8a/\. As expected, it is narrower than in the other mea-
sured directions. Reflectance is not very intense because the
facets obtained tend to be vicinal and present terraces.

In summary, we have carried out a microreflectance
study along the main directions of propagation for light of

<
3 energy around the full photonic band gap in Si—Si@m-
= F2.0 . o . O
3 —_ posite and Si inverse opals. In particular, directions such as
§ § K (110 and W(210) are probed in this kind of system. The
g gy wh ; '. = results demonstrate that a peak of reflectance appears at
= \zd 9 4130 0.8a/\ irrespective of direction, corresponding to the full
S gap theoretically predicted.
RS R 1 4 0 _ _
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k vector Reflectance (%)
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