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Face Centered Cubic Photonic Bandgap Materials
Based on Opal-Semiconductor Composites

H. Miguez, A. Blanco, C. fpez, F. Meseguer, H. M. Yates, M. E. Pemble,
F. Lopez-Tejeira, F. J. Ga&Vidal, and J. 8hchez-Dehesa

Abstract—We discuss photonic crystal properties of semi- colloidal particles, which have proved to be good candidates
conductor-opal composites and explore the possibility of using for PBG materials [5]. Recently, solid ordered arrangements
these structures as photonic bandgap (PBG) materials in the of latex [6] and silica [7], [8] particles have been used as a

visible and near-infrared region of the spectrum. Integrated ¢ late to fabricate i Is. Alth hin th K
reflectance in the optical region is used to show that the photonic emplate 1o fabricate inverse opals. ough In these works

crystal behavior of InP-opal is enhanced with respect to the bare there are no evidences of a full gap, they constitute elegant
matrix as a result of the new refractive index contrast. Order- examples of the route to be followed in the search for opalline
N banq structure and transfe_r matrix calc_ulations have pr_oved materials with a sizable full gap.
to be in goc_Jd agreement with the experiments. In addition, a Here, we show how to fabricate bare opals of high-quality
strong coupling effect has been observed between CdS photolu- . . .
minescence and the photonic structure, which leads to a partial whose pseudogap is tunable in thg VIS and NIR region
inhibition of the spontaneous emission. of the EM spectrum. Moreover, by infilling the bare opal
matrix with high dielectric constant semiconductors, such as
InP ( = 12.25), the photonic crystal properties of the opal
structure can be improved. Finally, we show how the light
emission properties of an embedded semiconductor, e.g., CdS,
l. INTRODUCTION can be dramatically modified by the presence of the dielectric

HEN THE idea of photonic bandgap (PBG) material§uperstructure.

was introduced a decade ago, the door to an unexplored he fabrication of opal-based PBG materials requires the
field in materials science was opened [1], [2]. Predictioi®llowing steps:
concerning their promising properties immediately gave rise1) synthesis of monodisperse submicrometric silica parti-
to a large and ever increasing number of theoretical and cles (we note that in order to tune pseudogaps over
experimental studies. One of the main aims of PBG technology a large region of the EM spectrum (visible and IR) it
is the fabrication of three-dimensional (3-D) system in the vis-  would be necessary to control the diameter of silica
ible and infrared (IR) region of the electromagnetic spectrum.  spheres over an ample range of values);
Several different routes have been proposed in order to attair?) 3-D periodic packing;
this goal. The most extended method is the micromachining3) sintering processing to give the samples mechanical
of a bulk material by lithographic methods. Very recently, two stability and also, to control the interparticle pore volume
groups [3], [4] have built up to seven monolayers of a PBG  and thereby the filling fraction;
crystal with a diamond-like symmetry working in the near- 4) synthesis of high refractive index materials within the
infrared region of the EM spectrum. Also, great attention has  voids of the opal to increase the refractive index contrast.
been paid to the photonic crystal behavior of solid crystals of

Index Terms—CdS, InP, luminescence, opals, photonic band-
gap (PBG), photonic crystal, semiconductor.
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After synthesis, a colloidal suspension (with a typical con-
centration of 18° particles/cm) is left to settle under grav-
ity. Sedimentation velocity follows Stokes law [12], which §#
indicates that the particles do not stick together, but rathergZ® 2

particles behave as hard spheres, with no interaction, whic
could give rise to flocculation. There are two main conditions
which must be fulfilled to ensure that sedimentation gives rise
to a good quality crystalline structure. First, the suspension
concentration should be low enough to allow single particle be-
havior [13]-[15]. Second, Brownian and gravitational energy
should be of the same order. Under these conditions, particle.#

arriving at the growing sedimentary surface may sample manygss
possible sites before stopping at the position of minimum
potential energy [16]. Opal crystal growth processes have bee
shown to follow the Edwards—Wilkinson model [17], which @
means that they take place extremely close to the equilibrium.
When all the particles have settled, the sediment is carefully 4
dried and later removed from the substrate. It constitutes
so-called “green” or as-grown opal sample.

An analysis of the crystalline structure of artificial opals
has recently shown that they present face centered cubic (fcc
packing rather than a hexagonal close packed (hcp) structuré
or any mixture thereof [18]. This result is in agreement
with computer simulations recently performed by Woodcock
[19]. In Fig. 1, two scanning electron microscopy (SEM)
images of a sample made of 480-nm spheres are shown. Th
images correspond to internal facets of the sample obtainec
after cleavage. A large terrace between the {111} and {100} ,
crystalline planes can be seen in Fig. 1(a), while a detail of
the structure of a {110} facet is shown in Fig. 1(b).

(b)
Fig. 1. SEM images of a cleft edge of an artificial opal made of 480-nm

Ill. SINTERING AND FILLING FACTOR CONTROL spheres: (a) a large terrace between {111} and {100} set of planes is observed
%_Td (b) detail of {110} planes are shown.

As-grown opals are solid but present a low mechanic
stability, which can be greatly improved by a sintering process
[12]. Furthermore, this process allows the opal filling fraction
(ff) to be controlled and therefore its optical properties and
the accessible pore volume [20]. The latter of which is an
important parameter in order to use artificial opals as hosts
for other materials. Green samples present a ff of about 60%
which implies that they are very open structures. Hardly, any &
structural difference can be observed (by SEM) between as
grown opals and those annealed at temperatures up t6@50
for 3 h. Nevertheless, dramatic changes in the optical features
and the mechanical stability take place. These changes ar@ 'y
caused by modifications in the physico-chemical characteris-f
tics of the sphere surfaces. A mild sintering, promoted by
the incipient viscous flow, causes the formation of necks
between the spheres when the temperature is between 708 .
and 950°C. In this region, opals present a filling fraction ofFig. 2. SEM image of an internal {111} facet of an artificial opal made of
74%. Above 950°C, however, strong structural and opticaf‘15'”m sph_eres_ar)d sintered up to 10’_ﬁ for 6 h. Remains I_eft behind

— o and some bits missing from the spheres in the plane are the signatures of the
modifications take place. Above this firing temperature thejq e Iying above and separated on cleavage.
pore volume reduces as spheres start crushing into each other.
The morphological outcome of such particle interpenetrationdicate the location of the particles belonging to the plane
can be observed in the SEM image given in Fig. 2. An interniiing above. These images show that the strong structural
{111} type facet, obtained after cleavage, of an artificial opahodification that takes place does not influence the long-range
sintered at 1015C for 6 h presents fractures or holes thabrder existing in the material.
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Fig. 3. Optical transmission at normal incidence with respect to the {111}
planes of an opal made of 260-nm spheres as-grown (dashed line), sintered
at 950°C (solid line) and sintered at 1050C (dotted line).
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Both contraction (below 700°C) and interpenetration (eV)

(above 900°C) cause a reduction of the pore size, thusg. 4. Optical transmission ét=0°for opal-like structures made of spheres

; ; a1H ; - ~with different diameter: (1) 535 nm, (2) 480 nm, (3) 415 nm, (4) 350 nm,
increasing the filling factor of the structure. By S|nter|ngc5) 305 nm, (6) 245 nm, and (7) 220 nm. The spectra have been vertically

it is possible to properly control the filling factor of thesnifted for the sake of clarity.
structure between 74%, corresponding to a compact structure,
and 100%, which corresponds to a system without pores
(samples treated af = 1100 °C). As a consequence, the
Bragg diffraction coming from the sample undergoes a blue
shift as the annealing temperature increases. This can be seen
in Fig. 3, in which the optical transmission spectra at normal
incidence with respect to the (111) set of planes of the same
opal annealed at different temperatures are shown. All these
results demonstrate that certain photonic crystal properties of

artificial silica opals can be easily and accurately controlled ﬁ
by means of a thermal treatment. E
>
3
IV. PHOTONIC CRYSTAL BEHAVIOR OF BARE OPALS
Concerning the photonic crystal behavior of bare opals, it
has been shown that the lattice parameter of these structures, l i
and therefore, their optical properties can be easily tuned ™) )

through the sphere size. This can be done for sphere diameters
between 200 amd 700 nm; thus covering the whole visible
and near infrared regions [21]. Optical transmission spectra
for seven different sintered (950 ff = 74%) opals are shown E (eV)

in Fig. 4. In all cases, the large dip in transmission CorreSponﬂl§. 5. Transmission spectra for different incidence anglesyith respect

to the (111) Bragg reflection. The position (in nanometers) tsf the surface normal in a sample made of 440-nm diameter spheres. From
the (111) Bragg diffraction peak shifts inearly toward loweft°r 5100 20,10, 15,20, 25 30,55, angorhe veicaynar ndcatee
wavelengths as the sphere diameter decreases, consistent with

Bragg law for normal incidence.

Through the sphere size, the pseudogap of the artificial opaldt has also been shown that bare opals present a photonic
can be tuned to match the electronic bandgap (where optipaeudogap [21]. Optical transmission measurements performed
emission takes place) of most semiconductors or the emissairdifferent incidence angles of white light with respect to the
bands of many dyes. In this way, their luminescence propertidd 1} set of planes, such as those shown in Fig. 5, indicate
can be altered and controlled. In the next section, we wthat a different range of frequencies is not allowed to propagate
discuss how, in semiconductor-opal composites, one can tllmough the opal. Both first and second pseudogaps can be
couple electronic and optical properties. Besides, providedbhserved. The low dielectric constant contrast and the high
large enough dielectric contrast was achieved by infilling tHaling fraction of the opal structure are responsible for the
opal voids and a full PBG material was obtained, one couéibsence of a full gap, even when the symmetry is appropriate
tune the full gap to any desired region of the spectrum. [22], [23].
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Fig. 6. Scanning electron micrograph of a {111} surface of an artificial opal
infilled with InP. InP crystallites can be seen on the surface of the spheregiig. 7. (a) Theoretically calculated photonic bands at the vicinity of the L
point and (b) normalized specular reflectance of a bare opal made of 380-nm
diameter spheres (dotted lines) and the same opal after infilling with InP a
V. PHOTONIC BANDGAP BEHAVIOR OF 4% of the pore volume (solid lines).

SEMICONDUCTOR INFILLED ARTIFICIAL OPALS

Semiconductor infilling can, therefore, be used in ordd% in all cases) are shown. White light impinges with“a 3
to either increase PBG properties or to inhibit spontaneoasgle with respect to (111) planes in this case. In spite of
emission of the guest or both. The loading of semiconductdis small concentration of semiconductors, the intensity of the
within the opal has many advantages compared to otH@dl) diffraction peak from the composite is twice as large as
materials. First, because of the large dielectric constant of buhiat coming from the bare structure. This result is caused by the
semiconductors, which would enhance the dielectric contraistrease in the dielectric contrast of the structure. In addition,
of the composite. Second, due to the highly efficient banthe (111) band shifts toward larger wavelengths as a result
to-band emission of the semiconductor, which would allowf the average dielectric constant increase. Another interesting
the effect of the photonic bands on the spontaneous emissieature concerns the tunability of the PBG. The Bragg peak
coming from inside the periodic dielectrics to be tested. Farising from the opal-semiconductor composite can be tuned
all the reasons above, we have infilled IlI-V [24] and II-Vicross the InP fundamental absorption edge simply by varying
[25] semiconductors within the pore lattice of opals. the diameter of the silica spheres.

A high dielectric constant semiconductor, InP={ 12.25), We have also performed a calculation of the reflectance
has been infilled in order to enhance the efficiency of the phgpectra using a transfer matrix formalism [28]. Now, a pris-
tonic bands observed in the bare opal. The method employedtic cell is employed to reproduce the opal orientation
to infill was metal organic chemical vapor deposition, andlong the (111)-direction. Good accuracy is obtained using
the whole procedure can be found elsewhere [26]. In Fig. &, grid of 7 x 13 x 18 points. The theoretical spectra
an image of {111} facet of an InP infilled opal is shownshown in the upper panel of Fig. 8 have been calculated
The loading, in this case, fills 4% of the total void volumeconsidering the frequency dependence of the InP dielectric
SEM images demonstrate that the InP is very homogeneouginction =(w), which has been fitted from their corresponding
distributed inside the matrix and, as a consequence, the guadk values [29], and we have assumed a sample thickness of
material inherits the 3-D periodicity of the host. 128 unit cells. It is remarkable the good agreement between

We have calculated the photonic band structure along ttheeory and experiment regarding the peak positions, their
Gamma-L direction by using an order-N method [27]. Thwidths, and even their relative change in height when the
fce structure is represented by a cubic unit cell with a basiemiconductor is loaded. Diffuse reflectance produced by the
of five silica spheress(= 2.1). A uniform grid of 26 x 26 different types of disorder and/or defects existing in our
x 26 points is employed to obtain good convergence in tlsamples could be the origin of the background reflectance
results. The InP loading has been simulated assuming that theserved in the experiments that is not reproduced by our
semiconductor uniformly covers the silica spheres up to tlealculations. The comparison between the experimental spectra
pore volume infilled. for both the bare opal sample and the one InP loaded indicate

In Fig. 7 both the calculated band structure near the L-poititat the semiconductor infilling produces the quenching of the
[Fig. 7(a)] and the normalized spectra measured [Fig. 7(b)] foackground reflectance and enhances the photonic properties
a 380-nm spheres bare opal and the same opal with InP (4%the opal.
of the total void volume) are shown. It is clearly seen that ex- Finally, we turn our attention to the effects that opal-based
perimental features regarding either the peak positions as wphotonic crystals have on the luminescence of guest materials.

In Fig. 8 (low panel), reflectance spectra of both bare opdlshibition of the spontaneous emission is a must when it
with different particle size, and infilled with InP (filling level comes to building lasers with a low threshold. Recently,
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Fig. 8. Lower panel: integrated reflectance of bare (solid line) and InP loaded (dashed line) opals (4 vol.% of the pore volume). Three cases are shown fo
opals of increasing diameter: 311, 359, and 380 nm. Upper panel: theoretical calculation for the bare and infilled opals shown in the lower panel.
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Fig. 10. Photoluminescence spectra at different collection angles for a CdS

Fig. 9. SEM image of internal {100} facets obtained from a cleft edge dffilled opal and the same opal grounded (dashed line). As the sample is tilted
a CdS embedded opal. the dip in the emission shifts following the Bragg law (inset).

a number of studies concerning the effect of silica opatspal to the CdS emission, so that photonic crystal effects of
on the luminescence of lucent materials (organic dyes atige host can be observed. For a sample of 260-nm spheres,
semiconductors) have been performed [25], [30], [31]. lthe forbidden band for normal incidence appears at 580 nm,
order to examine further this effect, we have synthesizaetll within the emission band. The effect of the host on the
CdS in the opal voids employing a chemical bath depositidaminescence of the guest CdS can be seen in Fig. 10. The
method. Fig. 9 shows an image of a 100 facet of a sampiaminescence of a ground-up CdS infiltrated opal is shown as
infilled with CdS to 23% of the pore volume. It can bewell for comparison. A series of luminescence spectra obtained
seen that CdS crystals are uniformly distributed inside tlas the sample is rotated are shown, and a clear dip is detected
sample. Transmission spectra at normal incidence of bare ametach emission spectrum. When the sample is tilted the dip
CdS infilled opals (not shown here) allow us to estimate the the emission shifts toward lower wavelengths, according to
amount of infilled CdS. Concerning luminescence, none hte Bragg law (inset in Fig. 10), sweeping across the emission
been observed from bare opals. However, when a bare opahd. These dips coincide with the transmission minima (stop
is CdS loaded, a clear emission band centered at 530 bands) of the ordered structure. When the sample is ground and
can be detected. A judicious choice of sphere size and Ctie order vanishes from the system, the luminescence recovers
content allows us to match the photonic pseudogap of ttiee original CdS line-shape and photonic effects are lost. This
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demonstrates the partial inhibition of the emission producets]
by the photonic structure of the host. [16]

V1. (17]

Structures based on opals prove to be a valid method for the
development of PBG materials in the visible and NIR regiongg
of the EM spectrum. We have fabricated high-quality bare
opals with sphere sizes covering the range between 200 %%q
700 nm. This allows us to tune the (111) pseudogap throu
the visible and NIR regions of EM spectrum. Sintering gives
rises to mechanical stability and permits the pore size of bdr8!
opals, as well as their optical properties, to be controlled. In
addition to this, semiconductor infilling methods have been
developed. A strong enhancement of the photonic bands
been achieved by InP infilling within the opal void lattice.

In addition, a clear modification of the luminescence of CdS
embedded opals due to the host structure has been obserlf8d.
Although these results are not conclusive, they represent
a substantial first step along the pathway leading to tf&]
fabrication of full gap PBG materials based on artificial opals.
[24]

CONCLUSIONS
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