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Existence of a photonic pseudogap for visible light in synthetic opals
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Synthetic opals, composed of submicron silica spheres close packed in a three-dimensional fcc lattice, are
shown to display photonic stop bands at optical frequencies. We have investigated the light attenuation within
the stop band as a function of refractive index contrast. Based on measurements of the Bragg attenuation length
and on theoretical considerations, we show that a prominent depletion of the photonic density of states
(pseudogapcan be achieved in opals by adjusting the volume packing fraction of the spheres and increasing
the refractive index of the pores. To approach the pseudogap criterion the pores of opal were impregnated with
CdS nanocrystals. We find a dramatic decrease of the attenuation length in opal-CdS, which indicates the
strong perturbation of photonic stat¢$1063-651X97)50605-2

In recent years great interest has been paid to the fabricatrictions, the complete PBG between the lowest energy
tion and study of artificial three dimensionallyD) periodic  zones is absent. It is possible, however, to expel the propa-
dielectric structures with a period close to the wavelength ofjyating photonic modes in all but a few directions by adjust-
electromagneti¢EM) waves! In such photonic crystals the ing the parameters of photonic lattice: the refractive index
EM waves undergo Bragg diffraction, forming a stop bandcontrast between the sphefeg) and the surrounding media
for modes propagating in a given direction. If the stop bandgn,) (in the case of opal large,, can be achieved by filling
for all direction of propagation overlap in some frequencythe pores with various high refractive index matepiasd
range, a photonic band gdpPBG) can be created in which the volume packing fraction of spherg€g) (which can be
the density of photonic stat¢POS) is zero’>* The absence varied in opals from the fcc close-packed value 0.74 to unity
of propagating EM modes inside a PBG can gives rise tdy thermal annealidg). Thus, a very large depletion of the
unusual quantum optical phenomena such as inhibition gphotonic DOS, called pseudogap, can be achiéedAl-
spontaneous emissiGnAnderson localization of light,etc.  though the DOS in this case is finite, direct calculatirs
The majority of applications of photonic crystals, which uti- the emission power of an electric dipole, located in such a
lize their unique optical properties, are expected at opticatype of photonic lattice, have shown that the spontaneous
frequencies. The obtaining of photonic crystals with submi-emission should be significantly inhibited in the vicinity of a
cron lattice constants, however, encountered serious difficupseudogap.
ties related to the required uniformity and regularity of the In this paper, we present the results of experimental stud-
photonic lattice on a wavelength scal@nly a few examples ies and theoretical estimations aimed at an evaluation of the
of successful fabrication of 3D photonic crystals for the vis-optimal parameters of opal photonic lattices required to
ible spectral region are known to date realized by reactiveachieve the pseudogap. Accurate spectroscopic optical mea-
ion etching and self-ordering of colloids of styrene surements of light attenuation within the stop band in trans-
microparticle$ mission spectra of111) oriented opal samples reveal an ex-

Recently it was also shown'!that synthetic opals, which ponential decrease of light intensity with thickness, which
are composed of equal diametarSiO, spheres closely arise from Bragg diffraction on a 3D lattice. The Bragg at-
packed in 3D face-centered-culifcc) lattices with periods tenuation lengthL along[111] direction was chosen as a
of about 200 nm, possess photonic stop bands throughout tieeasure of perturbation of photonic modes. We show that
visible spectrun{400—600 nm As a result of 3D periodicity the modulation of refractive index contrast in opals, obtained
of the lattice the stop bands were observed for any directioty filling of the pores with various liquids, results in large
of incidencé*! being mostly pronounced fdrl11] direc- variations ofL. Basing on theory,we provide an estimation
tion, which was shown to possess the maximal scatteringf the parameters of the opal photonic lattigé and n)
efficiency!! The qualitative mapping of opal photonic zones required for the appearance of the pseudogap. We find, that
for different critical points [, K et al) on the surface of the in opal impregnated with CdS nanocrystals, which possesses
Brillouin zone (BZ) showed that the photonic band structure photonic lattice parameters approaching the criterion of a
belongs to a “semimetallic” type, characterized by the non-pseudogapl. exhibits a dramatic decrease down to only 90
overlapping stop bands for different directions of lattice constants indicating a strong perturbation of photonic
propagationt®!! This result is in agreement with existing states.
theoretical calculations of photonic band structure in the Measurements of the intensity of light beams transmitted
opal-like fcc photonic lattices composed of sphericalthrough opal samples are complicated by strong diffuse scat-
“atoms,”>*1213 which showed that, due to symmetry re- tering of the incident light from various defects of the lattice,
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smooth decline of transmission spectra to shorter wave-
lengths arises from a partial leakage of light from the de-
tected beam due to scattering. In the long-wavelength region
(A\>550 nm in Fig. } it can be approximated by the charac-

e 1 teristic Rayleigh powerlike dependentsee dotted curvé

> 10 «\*in Fig. 1) reflecting an increase of the scattering cross
£ section. The same smooth increase of the intensity of scat-
g tered light to shorter wavelengths was also observed in spec-
a o tra of diffusely scattered light measured within a large angu-
€ 10° E lar cone out of the Bragg direction in both forward and
2 - backward geometries. Therefore the values of attenuation at
,‘_‘E N the center of the stop band, defined mainly by the Bragg

diffraction, can be extracted from the experimental curves in
Fig. 1 by subtracting the powerlike dependence through fit-
ting of the long-wavelength tail of each of the spectra. This
. I ) | | procedure is valid in assumption that even small angle scat-
tering can contribute to the attenuation observed.
500 600 700 The inset in Fig. 1 depicts thus measured values of attenu-
Wavelength (nm) ationT(D) and reveals an exponential decay of the transmit-
ted light with D. This exponential dependence, which pre-
FIG. 1. Transmission spectra of the wedged sanvi8 taken  seryves over at least four orders of magnit(stee curve 8 is
atincidence normal to th@11) plane forD =210 um. Spectra 1, 2, characteristic for the coherent Bragg diffraction that confirm
3 correspond to different refractlv_e indices of the pongs-1.33, the validity of the procedure of spectra subtraction. The
1.37, and 1.47. The dotted curve gives the depend&naé’. Inset: slope of T(D) gives the values of attenuation length as

Thickness dependences of the attenuation at the center of a stop_ .
band. Circles, squares, and triangles correspond to the cases of dTT- 43, 310, and 3%m (or 270, 1900, and 220 lattice planes

Lo - -along the[ 111] direction for n,=1.33, 1.37, and 1.47, re-
ferent n,. Solid lines are least-square exponential fits to the experi- . - - . .
spectively. The inverse of the attenuation lengthaginary
mental data.
part of the wave vectorreflects the strength of coherent

such as surfaces and bulk defects as vacancies, stackiftj299 Scattering and, being proportional to the gap with,
faults, dislocations, et®!® In order to minimize the contri- Can be the measure of the overlap of stop bands for different

bution of the diffusely scattered background to the detectediréctions. The coherent scattering strength measured for
signal, the incident beam was highly collimat@tivergence opal-liquid systems appears to be of the same order as for the
less than 1Pand the detection of transmitted light was per-ordered colloids(the valueL =200 planes along thg111]
formed in the direction of incidence within a very narrow diréction can be estimated from the 'r(.as‘?.)l@hls value ofL
angular condabout 30). To determine accurately the Bragg 'S msufﬁment, however, for a S|gr_1|f|cant depletion of the
attenuation length,, the transmission spectra were measured?hotonic DOS(for an fcc crystal withn,=1, n,=3.5, and

as a function of the sample thickneds For this purpose the 3=0.86, possessing a pseudogagn attenuation length for
sampleV18 (fcc lattice constana=276 nm andg=0.78, Mmicrowaves of only a few unit cells was reported
determined by transmission electron microscd@EM]) It has been shov_\?rthat the scattering strength for a two-
was polished to a form of a wedge of 0.050 radhadté mm component dlglectr_lc medium can be estm_wated from _the pa-
long base corresponding (d11) plane. The thicknes® was ra}meterer_ , .vyh|ch gives the rglatlve fluctuation of the dielec-
scanned by exact positioning of the wedged sample on HiC permittivity from its spatial average
computer-controlled translational stage relative to a fixed 4 4 o
100 um diaphragm. Figure 1 represents transmission spectra _ Bngt+(1-B)ny _
taken from the wedged sample filled with water solutions of €= [Bn2+(1-B)ni]?
a-bromnaphthalene(1.33<n,<1.67) exhibiting a large

drop in the vicinity of 460 nm. The reflection spectra mea-Hence, an increase ef should correspond to a decrease of
sured in the backward direction within the same small anguk. Indeed, thes, values calculated from Eql) for the cases
lar cone contain a single intense line with the shape andf opal withn,=1.33,n,=1.47, for colloidal system$and
position exactly the same as that of the dfepe also Refs. for fcc structure possessing a pseudoyémm the increas-
9-11). Therefore this drop is defined by diffraction of light ing series ofe,=0.03, 0.06, 0.12, and 1.5, respectively. In
on a set of parallel11l) planes and can be referred as a stopgeneral, the perturbation parametgemlays a crucial role in
band. Normal incidence geometry used in experiments imthe photonic band structure. It has been demonstraibet,
plies that this stop band corresponds to phimin the surface if ¢,~1 or larger, then significant deviations from the free-
of photonic BZ*™. It can be seen, that at some intermediatephoton case, such as a PBG& a pseudogap, if a PBG is
values ofn,~1.37 (see spectrum)2the depth of the stop prohibited by symmetrybegin to appear. Figure 2 shows the
band dramatically decreases, which means that the mediue(B) curves calculated from Ed1) for various refractive
approaches optical homogeneitg,6n,). The increase of indicesn, andn,. When the refractive index contrast is low,
the refractive index contrast results in an increase of the, reaches a maximum at megnvalues around 0.5 for both
drop for both “dielectric spheres” type of latticer,>n,, “dielectric spheres” type of latticécurve 1 corresponds to
spectrum land “air spheres” typgn,<n,, spectrum 2 A the case of colloidsand for “air spheres” type(curve 4
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nated with CdS nanocrystals.

B The transmission spectrum of the opal-CdS sanyf2é
(2=294 nm, 3=0.96 measured at incidence normal to the
FIG. 2. Plot of ¢,(B) calculated from Eq(1) for “dielectric (111 plane is presented in Fig.(¢pectrum 1in a semiloga-
spheres” type of latticegn,=1.57, 1.37, 2.6 and,=1.33, 1.0, 1.0  rithmic scale. The contribution of an incoherent scattering is
for curves 1, 2, 3, respectivglyand for “air spheres” type sybtracted according to the procedure described above. The
(ng=1.37 andn,=1.47, 2.5, 3.5 for curves 4, 5).65quares corre-  attenuation is plotted in units of chh of reciprocal attenua-
spond to the experimental cases studied. The circle on curve g, Iengtthlzln(Illo)/D, whereD is a sample thickness.
corresponds to estimation ef for colloids, according to data of Besides the clearly seen stop band at 2.1 eV, an additional
Ref. 8. The horizontal dotted curve represent the criterion for thedrastic decrease of transmission appears at energies higher
appearence of a pseudogap-1. than theA exciton of the bulk Cd%$2.47 eV at 300 K, shown
by an arrow in Fig. % which is due to the absorption of light

corresponds to the case of opal witg=1.47). The increase in the _semiconductor. The Well-defined_oscillations in the
of refractive index contrast results in separatiorBakgions ~ ransmission spectrum at photon energies of 2.53 eV and
required for maximizing ok, : for “dielectric spheres” the 2:63 eV (see second-order derivative curve 3 in Fig.ade
maximum of e, is shifted to smalled (curves 2, 3, while ascr!bed to excitonic transitions between the lowest quantum
that for “air spheres” to the higheg (curves 5, 6. There- confined electron and hole subbanddo-Eo; and
fore, taking into account the really attainalén opal struc-
tures(0.74<B<1), it can be shown that the maximal scatter- 0 . T
ing strength can be achieved in opal photonic lattices of “air
spheres” type, when the refractive index of the pongss
increased by their filling with high refractive index material. 250 [~
The required parameters can be realized by a complel ~ 2
impregnation of the pores of opal by a semiconductor with €
an electronic band edge slightly higher in energy than the
stop band. For this purpose the opal samy#4 (a=310 nm,
B=0.76 was impregnated with CdS using vapor phase
synthesis~! The sample was then annealed in a Cd atmo-
sphere to improve the quality of the semiconductor and tc
obtain values of3 higher than close packed. The TEM image
of an opal-CdS sampleee Fig. 3displays the regular pack-
age of silica spheres corresponding td 41) plane. It can be -1000 [
seen that the intrusion of silica spheres into each other af
pears as a result of annealing, which is accompanied by P R T N N NN TR B T W
decrease of the lattice constanto 294 nm. The correspond- 1.8 2.0 22 2.4 2.6 2.8
ing B value in this sample is increased to about 0.96. A
careful analysis of the image reveals small globules of abot..
5 nm, which form the internal structure of the silica spheres,
that can explain the measured valuesngf=1.37, which FIG. 4. Transmission spectra of samM@1 measured at inci-
are smaller than 1.45-1.5, expected for bahSiO,. The  gence normal to thél11) plane in the regior(l) with embedded
CdS nanocrystals can be seen as aggregates of dark graivgs nanocrystals an@) in the reference region. The contribution
densely concentrated in between the light silica spheres. Sef incoherent scattering is subtracted as discussed in the text. Curve
lective area diffraction patterns reveal the hexagonal type of3) is a second-order derivative of the spectrgh). The arrow
CdS nanocrystal lattice of sufficiently good quality. shows the photon energy of tieexciton of the bulk CdS at 300 K.
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H, ;- E; 1 in nanocrystals of 6 nm diameter. The lower limit strates that averagg, achieved in opal-CdS become at least
of the effective sample volume, occupied by CdS nanocryslarger thann,. The estimation of the upper limit of, for
tals, can be estimated as 1% taking into account the meapal-CdS assuming a complete filling of the pore volume
sured absorption of thel o 1—E o, line of about 1¢ cm™"  with the semiconductofn,=2.5) gives the value ok, =0.4
and assuming 10cm™* as typical absorption at an exci- (see curve 5 in Fig. 2 It can be seen from curve 5 in Fig. 2,
tonic transition. This value is in agreement with a 4% wholethat even larger values =0.64 (smallerL) can be expected,
volume of the pores. Therefore at least 25% of the volume of e tried =0.78 rather than3=0.96. It can be shown
eachdof tr;e pore is ohccupied by ?dslnano(;:rystals, whichhat the pointe,=1 can be reached in opal lattices with
provide a large enough average refractive indgx _ _ ; ; ;

At energies below the absorption edge of the bulk Cdsgen?if:njl?gtgt;s 25321-?28 (IsnaAOE’alelgjrgsgerl?’ei \évgpcu?ggtrilon

sy ar e e o v e B photoic sttes i expectd 1 be [age enough o an -
P pearance of a pseudogap. Moreover, a further increase of

gives an estimation of the attenuation lengtk15 um, as- S . :
. - o : to 3.5(see curve 6 in Fig. 2 corresponding to GaAs in the
suming negligible dissipative lossée stop band being 400 ™ S .
uming hegig ISsipativ seh P ng pores leads to a widening of the appropriate range f

meV below the absorption edgéhe reference transmission . . . .
spectrum 2 in Fig. 4 was measured from the region of thd0-74<8<0.96, which makes its adjustment during thermal

sameV21 sample, which was not exposed to a vapor flowannealing easier. _
during semiconductor synthegisote the absence of the Cds [N conclusion, even though the complete PBG is absent
absorption edge This region had, however, undergone the between the lowest-lying bands in fcc lattices with spherical
same temperature treatments and thus possessed thggsameatoms,” the complete PBG between the higher-order bands
value as the impregnated region. A comparison of the depthas been predicted,® which opens up foe,>1. Our obser-
of the stop band drops in spectra 2 and 1 shows a dramatigtions of the second-order stop band in ofadslow us to
decrease ot from 30 um to 15um, i.e., to about only 90 suggest, that in opal filled with a semiconductors with an
lattice planes along thigl11] direction, indicating the larger absorption edge higher in energy than the second-order stop
perturbation of photonic states caused by enhanced Bradsand, the complete PBG can be expected.
scattering. ) o o
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