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Surface resonant modes in colloidal photonic crystals
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Herein we report an experimental and theoretical optical analysis of the effect of growing a dielectric slab on
the surface of photonic colloidal crystals. Optical spectroscopy shows an enhancement of the transmitted
intensity for certain frequencies within the photonic pseudogap. Simulations based on a scalar wave approxi-
mation fairly reproduce the experimental results and provide a description of the interplay between the features
arising from the presence of the surface slab and the finite size of the photonic crystal. The experimental
observations are explained by the excitation of photon resonant states at the crystal boundary. Our work
demonstrates that the amplitude of light waves penetrating the crystal with frequencies lying within the
pseudogap range can be greatly modified by rather simple means.
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The controlled introduction of defects in photonic crystalsedges of the stop band can be tuned by changing the ratio
is a subject of great interest because of the important tectbetween the host and dopant sphere diameters. Very recently,
nological implications it may have in fields such as optoeleca method to create dielectric planar defects of controlled
tronics and telecommunicatiofst Efforts to understand  thickness within colloidal crystal films has been developed,

their gffect on the optical properties of photonic_ band gapynd their effect on the optical properties analy¥eH:
materials have been done from both the theoretical and the \ynile all the aforementioned works report on the effect of

experimental points of view from the early days of the field. defects introduced in the bulk of colloidal crystals, no ex-

Analogously to what happens when impurities are added t0 g o nta) studies, as far as we know, have been made on the
semiconductor, doping of photonic crystals by adding or re- ' '

moving a dielectric dot, line, or plane gives rise to aIIowedeﬁeCt of modifying the lattice termination on their optical

states for photons with energies lying within the stop bandsProPertes. However, thin excess layers of the guest com-

Impurity states have been used to guide fghtt for lasing pound are commonly observed when such Ia}ttices are infil-
when optically active compounds are introduced in the lati/at€d. If the closure of the outer pores, which allows the
tice. Also, photon states in the gap arising as a result of th@Uest material or its precursor to enter the void lattice of the
morphology of the crystal termination and their effect on theStructure, takes place before the infiltration process is fin-
wave coupling and diffraction properties have been investiished, an external coating covering the whole structure is
gated theoretically and experimentafy. formed. In fact, strong modifications of the photonic crystal

A few attempts have been made to dope colloidal latticesproperties associated with an outer polymer layer in a silica-
The first one was made in a suspension of self-organizegiolymer colloidal crystal composite have recently been
charged spheres by adding different amounts of impuritieseportedt> Despite the importance it might have for the
(spheres of a different kind or sigevhich randomly distrib-  monitoring of infiltration processes or the possibility it offers
ute through the entire face-centered cubic cry$tdlhe ef- to modify the photonic crystal properties in a controlled
fect of the allowed modes within the pseudogap on the optimanner, an experimental and theoretical study of the effects
cal properties was observed and analyzed in terms of thef such overlayer on the optical properties was still missing.
ratio between the size and refractive index of the impurities Here we present an experimental and theoretical analysis
and those of the scatterers in the host lattice. Later, regardingf the optical properties of a colloidal photonic crystal hav-
solid, dried colloidal crystals, the introduction of these doting a thin dielectric coating on one of its surfaces. We have
defects was also performed by adding smaller beads duringerformed a systematic study by building up étalons of dif-
the crystallization process of polystyrene collot& mono-  ferent thickness and compounds on top of colloidal photonic
tonic increase of the transmittance intensity at pseudogagprystal films, and demonstrated that the optical properties at
frequencies was observed as the doping level rose, but renergies at both the stop and transmission bands are greatly
clearly distinguishable states in the gap were observednodified by the presence of the surface dielectric slab. The
Lately, using a combination of convective self-assembly andine features observed in the spectra are well reproduced by
Langmuir-Blodgett techniques, a silica sphere crystal hasimulations based on a scalar wave approximation, which
been doped with a monolayer of larger spheres of the sameounts for the effect on the reflectance of both the finite
compositiont? Optical analysis confirmed that this embed- crystal size and the presence of a surface layer. The existence
ded monolayer behaved as a two-dimensional defect. In thisf photon resonant states at the modified crystal boundary is
case the spectral position of the allowed states relative to théemonstrated.
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FIG. 1. SEM images of an inverted silica colloidal crystal on 00L ) ; )
which an external homogeneous silica layer has been grown. 0.90 1.05 0.90 1.05

. . . . Alpm
Colloidal lattices on which a layer was deposited on top ()
gﬁéewwiiﬂecgrﬂBigneaspcrgr?\?ggtrﬁeds:l?-r;g esirlr?bldet;lsll tilesecvc\)lngir-e FIG. 2. Specular reflectance for samples having a fixed crystal

o . . Y, . /size and variable surface slab thickne&s. Specular reflectance
dal crystalllzr_:lt_lon technique, with a metal oxide Chemlcalspectra of silica-infiltrated polystyrene sphere colloidal crystal films
vapor deposition(CVD) method recently developéfl.In

brief, a colloidal crystal of controlled thickness is built by tboupl)lt s;;sfogfti g:ifjms “g;s Tﬁi CT(?]\QQSD‘;?“(Z?)tf;b“sgp%';ed on

placing. vertically a gla}ss slide in a beaker Contf’:\ining %Y 0, and 430 nnisolid lines. All crystals are made of the same
monodlgperse _susper_1_3|on qf polystyrene sph_eres 'n eth"’mgﬁheres(diameter<;S=375 nm and have the same siz@=20
Aft_er this, the 'nt_erSt't!E_il Vo'ds_ of the photonI(_: lattice are sphere layeps (b) Simulation showing the evolution of the peak
infiltrated by growing silicon omdg_onto the part|c_le _surfacesshape for a set of fcc lattice made of 20 close-packed layers of
by alternate CVD of water and silicon tetrachlori®iCl;).  n=159 refractive index sphereatex) each one with the same
The infill is gradually increased until the maximum degree ofdegree of infiltrationpore filling of 60% of a material ofn=1.45
infiltration is achieved, which corresponds to 86% of the(silica) but having a different dielectric slab of=1.45 (silica) on
void volume in a layer-by-layer infiltration process of a cubic top. From top to bottom, solid lines correspond to slab thickness
close-packed lattice. At that point, further infiltration resultsranging fromD=350 up to 470 nm, witAD=10 nm. The dotted
in an external coating of the crystal whose thickness can béne represents the curve for a crystal with no surface defect on top.
controlled by the number of deposition cycles performed. InThick lines are used to highlight those spectra that fit the experi-
order to analyze the effect of the dielectric contrast, the latexnental results. Spectra have been shifted for the sake of clarity.
template was removed and a lattice of interconnected hollow
silica shells coated by an external silica slab was attainedhe results for different latex sphere lattices infiltrated with
Also with this purpose, high-dielectric-constant compoundssilica, each one having an excess silica surface layer of
such as titanium oxide and silicon, were infiltrated in silicaslightly different thickness. The spectrum obtained from a
colloidal crystals. Titanium oxide was grown by CVD, re- silica-filled lattice crystal having no surface layer is also in-
placing SiC}, with TiCl, in the synthetic procedure already cluded for comparison in Fig.(8) (dotted ling. A clear
described, while silicon was deposited by thermal decompomaximum reflects the opening of a pseudogap attipeint
sition of disilane ga&’ For both oxides and semiconductors, of the face-centered cubic sphere lattice under study; the
the use of CVD techniques for infiltration allow control over lower-intensity fringes detected on both sides of the main
the filling fraction and the thickness of the external layer.peak are the result of the interference of the beams reflected
Scanning electron microscog&EM) images exemplifying at the top and bottom surfaces of the photonic crystal film
the kind of photonic structures that are the subject of ouland therefore stem from the finite size of the crystal. The
research are shown in Fig. 1. dependence of the optical properties of the pseudogap on
In order to analyze the effect of the external dielectric slakcrystal thickness and the nature of the substrate has been
on the optical properties of colloidal photonic crystals, opti-thoroughly analyzed before and will not be discussed Here.
cal characterization was performed by using microspectrodt must be noted, however, that the samples under study are
copy in the visible and near-infrared region. We utilized ajust a small number of periods thick and their dielectric
microscope attached to a Fourier transform infrared spectranodulation is weak, which causes the reflected intensity at
photometer(model IFS-66, Brukgrto measure the specular the pseudogap to be lower than 1. We will focus on the
reflectance of the different samples>® objective having a modification of these properties resulting from the presence
numerical aperture of 0.0light cone angle +5.7°was used of the coating. The optical characterization results depicted
to irradiate the sample and collect the reflected light at quain Fig. 2@ show that the reflectance maximum shape is
sinormal incidence with respect to tti@1l) planes of the distorted by the presence of the external slab. A dip in the
colloidal lattice. A spatial filter was used to selectively detectreflectance maximum is typically observed. Simulated spec-
light from 0.1 mn? circular regions of the sample. tra were calculated using a scalar wave approximation
Reflectance spectra for crystals having dielectric layers ofiSWA), which has been thoroughly analyzed bef6¥& This
their surface are shown in Figs. 2 and 3. Figufa 2hows approximation has provided a fair description of the optical
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FIG. 3. Specular reflectance for samples having a fixed surfac
slab thickness and variable crystal siZe) Specular reflectance
spectra of silica-infiltrated polystyrene sphere colloidal crystal films
having an external silica slab on topDf= 405 nm thickness. From
top to bottom, the crystal size =30, 22, and 16 ML. All crystals
are made of the same sphefdmmeter$=375 nn). (b) Simulation

showing the evolution of the peak shape for a set of fcc lattice of . . .
n=159 refractive index spheretatex) each one with the same plifying, from bottom to top, the evolution of the reflectance

degree of infiltration(pore filling fraction of 60% of a material of &S W€ gradl,_lally change the crystgl size betw€&eri4 and
n=1.45(silica) and having the same 405-nm-thick dielectric slab of 30 ML keeping the surface slab width constant. The dotted
n=1.45(silica) on top. From bottom to top, solid lines correspond line corresponds to a crystal d=45 ML. As the crystal
to crystal size ranging frorff=14 up to 30 ML, withAT=2 ML. thickness increases, the depth of the dip is gradually reduced
The dotted line represents the curve for a crystal made of 45 mLuntil it completely disappears for very large samples. This is,
and the same 405 nm slab on top. Thick lines are used to highlightery likely, the reason why these modifications of the optical
those spectra that fit the experimental results. Spectra have bed@atures at pseudogap frequencies have not been observed
shifted for the sake of clarity. before if an excess layer was accidentally created when in-
filtrating large colloidal crystals obtained by sedimentation
properties of photonic crystal superlatti€eand doped pho- methods, although the large amount of intrinsic defects they
tonic crystalst® The structure considered in the simulations present might have obscured its effect in some cases.
consist of a planar dielectric sldbefractive indexn=1.45 A similar experimental and theoretical analysis was per-
placed onto thé€111) surface of a face-centered cubic sphereformed for the corresponding inverted samples, that is, the
(n=1.59 crystal infiltrated with silicaln=1.45 and located colloidal crystals attained after removing the original latex
on top of a glass substrate=1.5). In Fig. Ab), the calcu- template by chemical etching. This gives rise to a periodic
lated spectra obtained from an infiltrated crystal made of 2dattice of hollow spherical silica shells. In this case, no dip
sphere layers presenting a slab on top whose thickness varigés observed in the frequency range corresponding to the
from D=350 nm(top spectraup toD=470 nm(bottom) are  pseudogap, in good agreement with the simulations. How-
drawn. The external slab width difference between consectgver, the presence of an external slab not only introduces
tive spectra isAD=10 nm. These simulations reproduce themadifications in the pseudogap, but also is able to modulate
experimental results and show that the broad dip observede reflected light intensity in the passband frequency ranges.
experimentally starts to appear at short wavelengths andihis effect could be clearly observed in the inverted silica
moves slowly toward the long-wavelength end of the maxi-colloidal crystal films. The experimental and theoretical re-
mum as the planar defect width increases. This effect repeatictance are shown in Figs(a} and 4b), respectively. It
quasiperiodically for either larger or smaller defect widths. can be seen that at wavelengths other than those within the
The effect of the crystal size on the observed reflectanc@seudogap spectral rangghaded area in Fig.)Athe reflec-
modulations introduced by the surface étalon was studied bfance is smoothly modulated. This modulation is caused by
fabricating crystals made of a different number of latexthe external étalon, whose calculated reflection is drawn in
sphere layers, but having a similar degree of silica infiltrationFig. 4(c). For this calculation, we assume a dielectric
(pore filling fraction around 60%and an external slab of (Np=1.45 thin film (600 nm confined between two semi-
similar thicknessD around 405 nmgrown on top. Figure infinite media, the incident one @f=1 and the substrate in
3(a) displays the reflectance from these crystals, whose siz&hich n equals the volume average refractive index of the
increases fromT=16 sphere monolayer$ML) (bottom  colloidal crystal (ncc=1.09. By doing this, the finite-
curve to T=22 ML (middle) and T=30 ML (top). Figure crystal-size effects are not considered and only the slab is
3(b) displays different spectra calculated by the SWA, exemtaken into account. The modulation described here is also

FIG. 4. (a) and (b) show, respectively, the experimental and
theoretical specular reflectance curves of an inverted silica colloidal
Srystal film (hollow cavities of diamete$)=375 nm) having a silica
slab ofD=600 nm on top(c) displays the calculated reflectance of
a 600 nm thick silica étalon sandwiched between air and a material
of n=1.05 (effective refractive index of the photonic crystal in the
long-wavelength region
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. . onto a silica spherén=1.43, sphere diametep=526 nm,T=11
FIG. 5. Experimentaftop curve and calculatedmidde curve ML) crystal infiltrated with amorphous silicom=3.8, pore filling

specular reflectance spectra for titania- and silicon-infiltrated silic . o . _ ; .
lattices having a surface layer deposited on {@p.TiO, (n=2, in &t/r\?:\}ggng’gq[é Zr::lhzai/.'gg 42&1)?3:1@4;13%%;? d?\:;ig fgn;%p.

our casg infiltrated silica(n=1.43 colloidal crystal(sphere diam- . . k .
eter ¢=378 nm with the following relevant parameters: crystal All frequencies are indicated with an arrow in the spectrum shown
) in the inset. The shaded area indicates the location of the surface

thicknessT=9 ML, TiO, pore filling fractions 5%, and Ti@sur- layer
face layer thicknes®=20 nm. (b) Amorphous Si(n=3.8, in our '
cas¢ infiltrated silica colloidal crystals (sphere diameter probably due to the fact that the effect of intrinsic defects is
¢=526 nm, T=11 ML, Si filling fraction 30%, and®>=150 nm. In  g|s0 amplified as they are infiltrated with a high-dielectric-
both panels, bottom curvédotted lineg are the calculated spectra constant material like silicon. Nevertheless, the effect of the
for model structures with the same parameters but Wlt.h no surfacgyternal layer is qualitatively well described by the simula-
layer on top(D:O). In all cases, spectra he_lve been_sh_lfted for thegions not only at the stop band frequency range, but also at
ts:rlffeor;;g:%r#n both cases, an arrow points the dip in the reflecy,,\ejengths” corresponding to the lower-energy passband
) (dielectric band, in which a higher reflectance than in the
observed in the lattices prior to inversion, but it is weakerhigh-energy passban@ir band is measured.
due to the low dielectric contrast between the slab and the In order to visualize the spatial distribution of the wave
averaged crystaincc=1.49~ny=1.45. amplitude in photonic colloidal crystals at the frequencies of
We also studied the effect of having a high-dielectric-interest, we have plotted the squared amplitude of the elec-
constant defect grown on a high-dielectric-contrast latticetric field |E|? calculated using the SWA versus distance along
For this purpose, titaniéliO,) and amorphous silicon films the [111] direction of the colloidal lattice. We have chosen
were deposited on top of lattices of silica spheres partiallthe middle curve shown in Fig.(6) as an example, since it
infiltrated with amorphous silicon or titania, respectively. displays the deepest dip among all structures studied. For
Figure 5 displays the experimental spedttdck solid lineg ~ comparison, we have calculated the profile|Bif for (1) a
obtained for two different samples of this kind, each onewavelength in the dielectric passband ran(®;the wave-
possessing a different crystal and external slab thickneséength at which the dip in the pseudogap reaches its mini-
Simulated spectra are also shown for the correspondingium value;(3) a wavelength that lies within the pseudogap
structures withthin solid lineg and without(dotted line3an ~ and for which the reflectance is maximuix, \,, andAg,
external layer on top. Comparison between these two lattgiespectively. Results are shown in Fig. 6. It can be seen that,
curves highlights the strong effect of the surface layer. In thigvhile the electric field corresponding to a mode in the
case, as in the case of the lower-dielectric-contrast compo$seudogagh;) just decays exponentially as we move away
ites previously discussed, the reflected intensity is modifiedrom the surface, the mode at which the dip is obsered
at both the stop and the passband regions by the presencemgsents its maximum intensity at the photonic crystal sur-
the external layer. However, in this case, the effect is mordace, very close to the external slab-crystal interface. This
dramatic as a result of the higher refractive index of theindicates that the observed dips are the result of the appear-
layer. In addition, the reflectance maximum width increasesance of resonant modes, partially localized at the lattice sur-
a feature that is characteristic of photonic crystals in whiclface as a consequence of the presence of the external coating.
defects are introducéd.It should be noted that in the case of Qualitatively similar results are attained for the latex-silica
the silicon-infiltrated crystal, both the intensity and the widthcomposites, although the waves are more weakly localized
of the reflectance maximum observed at pseudogap frequethan in the silicon infiltrated samples, which results in the
cies are smaller than the values SWA predjstse thick and low depth and broad dips observed. This is explicitly shown
thin solid lines in Fig. B)]. Furthermore, the number and in Fig. 7, in which|E|? versus distance is plotted for a latex
intensity of secondary lobes are not so well reproduced bgphere crystal infiltrated and coated with an excess layer of
the simulations as for the latex-silica composites. This isSiO,. The three wavelengths chosen for these calculations
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FIG. 7. Spatial variation of the calculated squared magnitude oburface modevg with the crystal thickneséin sphere monolayeys
the electric field for three waves of different wavelength impinging for structures having slabs of different widtBson top. From bot-
onto a latex spher¢n=1.59, sphere diametap=374 nm,T=20  tom to top,D=320, 340, 360, and 380 nntb) \g versus surface
ML) crystal infiltrated with silicon oxidén=1.45, pore filling frac-  slab thickness for a fixed crystal siZ20 monolayers All calcula-
tion 6099 and having eD=430 nm thick layer oih=1.45 on top.  tions have been performed for a silica sphéne1.43, diameter
Wavelengths ar&;=0.876,um, A,=0.945um, andA3=0.929um.  $=526 nnj crystal infiltrated with amorphous silicdm=3.8, pore
All frequencies are indicated with an arrow in the spectrum showrfilling fraction 30%), and having a layer afi=3.8 and widthD on
in the inset. The shaded area indicates the location of the surfaagp.

layer.

yer the different parameters of the layer-crystal structure. Figure
are pointed out in the reflectance spectrum corresponding ® shows the evolution ofs as both the surface slab and the
the sample under analysis shown in the inset of Fig. 7. Onlyhotonic crystal widths are varied. In Fig(a each scatter
a comparison betweefE[* versus distance fok, and A3  graph for\g versus photonic crystal width corresponds to a
allows us to claim the existence of a weak resonancé for different silicon slab thickness, which increases from the bot-
which in this case takes place within the slab. tom curve to the top one from 320 to 380 nm with a step of

From what we have just exposed, it can be inferred thaP0 nm. The dotted lines represent the edges of the photonic
we can regard the excess layer as a type of surface dopapseudogap calculated for a 100-sphere-monolayer-thick
since it introduces allowed states in the forbidden photonigilicon-infiltrated silica crystal. Several interesting features
bands. The magnitude of the electric fields under study isire observed. For a fixed slab thicknesgincreases with the
maximum at a shallow depth very close to the surface of therystal size in the range of very thin crystals, reaching a
slab-crystal system. These surface modes are responsible f@snstant value for crystals larger than a few sphere monolay-
the appearance of the dip in the reflectance spectrum olers. This dependence is strong for surface modes in the range
served when the number of periods in the structure is finiteglose to the air band and is almost absent for those centered
since the tail of the corresponding evanescent wave propan the pseudogap region or close to the dielectric band. This
gating in the perpendicular direction away from the surfacdatter result can be understood if we consider an effective
may couple with a mode in the substrate. However, it shouldonfining distance determined by the slab width plus a cer-
be remarked that the wave vector of such modes has n@in depth of the crystal beyond which we can regard the
component parallel to the surfacie=0) and therefore does wave as totally attenuated. Our calculations show that for
not oscillate along that direction. Also, as shown in Figs. 6thin crystals, among waves whose frequencies lie within the
and 7, these states are extended in the incoming me@im pseudogap, those close to the high-energy edgreband
and decaying inside the crystal. Therefore, they are notlecay more slowly with distance than those close to the low-
strictly localized at the surface, regarding as such those thainergy enddielectric bangl Thus, for a fixed crystal size,
decay on both sides of the interface and oscillate in the dithe effective confining distances are larger for the former
rection parallel to i€? That type of mode has been observedthan for the latter, as is the crystal size needed to reach the
in truncated one-dimensional optical multilayétdt is inter-  same level of attenuation. In all cases, no further significant
esting to notice that transmission enhancement by surfaceffect of the crystal size on the partially localized mode spec-
resonant states that can be coupled by normally inciderttal position \g or magnitude|E|? is observed for lattices
waves(k;=0) has been previously reported for acoustic su-larger than ten sphere monolayers. To avoid any effect due to
perlattices in the frequency passband redibElastic guided the crystal size, a crystal of 20 sphere monolayers was used
modes supported by a surface layer on a two-dimensiondb calculate the\gversus surface slab thickness relation plot-
acoustic crystal have also been studied. ted in Fig. 8b). For a fixed crystal sizehg sweeps the

Since the effect of the surface layer is stronger for thepseudogap region from the air band edge to the dielectric
case of the silicon-infiltrated silica sphere crystals, we havdéand edge as more dielectric is added to the surface, as ex-
chosen this composite as a model to theoretically study thpected for any resonant mode as the boundaries of the con-
variation of the wavelength at which the local reflectancefining cage become further apart. For certain slab thickness
minimum is observed within the pseudogap rangg,with ranges no modes supported by the slab-crystal system lie
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tude of the electric field for a silica spheie=1.43, sphere diameter - . . .
$=526 nm,T=11 ML) crystal infiltrap'segwith amorF:)hous silicon pore filling fraction 30% and having &D=150 nm thick layer of
’ n=3.8 on top. Open circles correspond to the results obtained for a

- i i 0) i = i
I(:: es;.g;‘ r?frgesﬁgl:?ofraﬁ\%nf?eo/ZO::: Z?Vvl\?h%cﬁjth ;i?eZEJ?:g:; s T=11 ML thick crystal and black circles to those obtained for
y =3. p. quency aT=100 ML thick crystal.

calculated is that at which a dip in the reflectance spectrum is ob-
served, as indicated with a dotted line (b). The same sort of
calculation was performed at that same wavelength for a 100-layer-
thick crystal of similar composition and having the same slab on thesh
surface. Results are displayed(i) and (d).

Regarding the technological implications of our study, it
ould be noted that the surface modes described in this
work are very sensitive to small variations of the slab thick-
within the pseudogap spectral window. It should be noticedness. A small differencé~10 nm) in the thickness of the
that the existence of a surface resonance caused by the pretab may substantially modify the spatial distribution of the
ence of a dielectric slab does not imply necessarily the deelectric field at the surface and, if the crystal is thin enough,
tection of a dip in the reflectance spectrum. For instance, foits spectrum, as was experimentally and theoretically shown
the system modeled in Fig. 8, once the crystal size is inin Fig. 2. This high sensitivity can be put into practice in
creased above a few sphere monolayers, the spatial distribdevices based on the modification of the outer layer, as has
tion of |E|® for the surface mode remains almost unalteredpeen proposed before for truncated 1D periodic multila§ers.
At the same time, as the crystal becomes thicker, the cou- |n conclusion, we have analyzed both experimentally and
pling of the surface mode with the substrate modes is refeoretically the effect on the optical properties of having a
duced and so is the depth of the reflectance maximum dipgyrface dielectric slab deposited on top of colloidal photonic
Eventually, no modification is observed in the reflectance;rystals. We have demonstrated that this layer gives rise to a
spectrum although there exists a resonant mode at the Syfjodulation of the scattered light intensity at both the stop
face. This is explicitly shown in Fig. 9, in which we have g3ng the passband energy regions, providing a systematic
plotted the calculated spatial distribution |&* and the re-  analysis of this effect as a function of the crystal size, surface
flectance spectra for two photonic crystals made of a differjayer thickness, and dielectric constants of the composite ma-
ent number of sphere layers but having a dielectric layer oferials, Furthermore, we have proved that the external layer
the same thickness on their surfaces. The wavelength chosggyses the appearance of resonant photon states at the modi-
for this comparison is that at which a minimum of the reflec-fieq crystal surface at frequencies lying within the stop band
tance dip is observed for the 11-layer-thick cryd@btted  of the structure. The high sensitivity of these modes to the
vertical line in Figs. %) and 9d)]. We have also calculated  thickness and refractive index of the surface defect could be
the spatial distribution ofE[? for different wavelengths in  yseful for monitoring the deposition process of thin films or

order to evaluate the spectral width of the surface resonancgyilding up sensing surface devices based on their modifica-
The spectral variation of the maximum value|Bf? versus  tion by an external agent.

distance is plotted in Fig. 10 for both an 1(bpen circleg

and a 100-layetblack circle$ thick crystal. It can be seen This work has been partially funded by Fundacién Ramén
that, even when the reflectance spectrum does not show ayeces, under grant “Colloidal Photovoltaic Materials” and
evidence of the presence of a surface slab for the thickelhe Spanish CICyT, under Grant No. MAT2003-04993-C04-
crystal, the spectral shape of the surface resonance for th@f. I.R. thanks the Ministry of Science and Technology for
crystal resembles that of the thinner one, although it isa “Ramoén y Cajal” fellowship. H.M. and A.M. thank A.
slightly sharper. Hakansson and J. Sanchez-Dehesa for fruitful conversations.
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