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Artificial opal-like structures based on spheres and colloidal particles have been fabricated in a
controlled way, presenting optical band-gap properties in the optical frequency range. Nonclose
packed artificial opals have also been fabricated and studied recently. In order to gain a better
understanding of these phenomena, we have studied macroscopic models of nonclose packed fcc
lattices using glass spheres (¢=7) of 8 mm diameter, and measuring in the microwave region (from
10 to 30 GHz). The results have shown a Bragg resonance tunable with filling factor of the opal, and
a strong rejected band similar, also present in close packed samples, much less affected by
compactness. The relation of this high order band with spheres single layer behavior is also
discussed. © 2009 American Institute of Physics. [DOI: 10.1063/1.3068475]

l. INTRODUCCTION

Three dimensional photonic crystals are very interesting
materials that offer extraordinary properties and promise ap-
plications in optical and microwaves devices.'™ This interest
is based on the property of forbidding the propagation of
photons of certain energies in all spatial directions produced
by a periodic structuration of dielectric constant. Is the anal-
ogy with crystalline materials, forbidding certain electronic
energies due to the periodicity of atomic potential, what
gives rise to the name of photonic crystal or photonic band
gap.

In the past 20 years, several methods to fabricate three-
dimensional photonic crystals have been 1rep01rted,4_7 all aim-
ing to achieve materials presenting complete band gaps. Ar-
tificial opal-like structures based colloidal spheres have been
fabricated in a controlled way,5 presenting photonic band-
gap properties in the optical frequency range. Most of the
works published on fabrication of these structures are fo-
cused on close packed symmetries, controlling the connec-
tivity, and topology of the dielectric medium.””’

New methods of fabrication have recently led to experi-
mental demonstration of nonclose packed opals.g_15 Chemi-
cal methods to achieve a nonclose packed opal, presenting a
full gap have been reported,lo including a theoretical study of
nonclose packed inverse opalls.14’15

The aim of the work here presented to gain a better
understanding of the electromagnetic behavior of non com-
pact opals by comparing their transmission spectra with
compact opal one. The samples were constructed by piling
layers of silica spheres (of 8 mm diameter). In the noncom-
pact case, the fist layer is firmly placed maintaining a certain
separation among the spheres, while the following will keep
their places by gravity. Therefore the resulting material will
be composed of noncompact layers stacked closer than in the
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compact case. Normal incidence transmission spectra in the
microwave region (ranging from 10 to 30 GHz) were mea-
sured.

In all spectra, two main features are present, a Bragg
resonance, tunable with the topology of the opal, and a
higher energy rejected band'"" which remains much less
affected by the compactness. We present the spectra as the
layers were built up in our opals in order to clarify the origin
of the high energy rejected band and how can it be related to
the physical behavior of two dimensional arrays of sphelres.16

Il. EXPERIMENTAL SETUP

Spherical balls of Borosilicate (purchased from Afora
S.A.) with a diameter ®=8 mm, were used for building
opals like samples. They have a fairly high dielectric con-
stant =7 (n=2.64) in the microwave frequency region in-
vestigated. A sketch of the nonclose packed sample is show-
ing in Fig. 1. The spheres of the first layer are firmly kept at
their designed positions by holes drilled in a wooden pattern
[Fig. 1(b)]. Subsequent layers were directly placed over the
previous and held at their places by gravity. This building
process assures the spacing among the spheres present in the
fist layer is maintained in all the following ones [see Fig.
1(a)] but the spacing among layers is less than in the com-
pact case.

(a) (b)

FIG. 1. (Color online) (a) Image of fabricated opal where the (111) facet can
be seen. Note the small space between the spheres. (b) Image of the sample
building process.

© 2009 American Institute of Physics
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FIG. 2. Outline of the experimental setup. Radiation emitted and detected in
the 111 direction of the sample.

The parameter notation is shown in Fig. 1(a): we will
use A to refer the lattice period, which stands for the sepa-
ration between two consecutive spheres centers in the x-y
plane, ® for the spheres diameter and z as the piling layers
direction. Two opal-like structures were built up, one close
packed opal (with A equal to @), and a nonclose packed one
with a lattice period value A=9 mm, 1 mm larger than the
sphere diameter.

Measurements were accomplished with a network ana-
lyzer (Agilent HP 8722ES) which provides the phase and
module transmission S-parameters, spliced to rectangular
horn antennas (Narda model 639). These antennas were
aligned in the z axis and separated 400 mm from each other
(see Fig. 2). In the middle of this space the opal samples
were placed perpendicular to the antenna axis in the (111)
direction. The antennas show polarization sensitive coupling
characteristics. In all cases measurements were taken in dif-
ferent polarization configuration showing no appreciable dif-
ferences.

Measurements were performed differentially, taking in
first place the transmittance of the system without sample in
the middle as reference T,.{w) and immediately after the
same measurement with the spheres arrangement placed be-
tween the antennas T, (w). Therefore the transmittance of
the sphere arrangement alone T(w) is given by T(w)

= sam(w) / Tref(w)~

lll. RESULTS AND DISCUSSION

The transmittance spectra for ten layers opals are shown
in Fig. 3 for the (111) direction. In order to allow clear
comparison of the results with different compactness, data
are presented normalized. A dimensionless frequency value
is calculated from the measured wavelength w as wA/27rc or
A/N, where A is the lattice period, N is the corresponding
wavelength, and c stands for light velocity in vacuum.

Both spectra shown in Fig. 3 present the same features
but placed at different frequency values. First we can see a
relatively small peak, around A/A=0,29 in the compact case
and 0,38 in the noncompact one. Besides, a sharper and
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FIG. 3. (Color online) Transmission spectra of close packed (solid line) and
nonclosed packed (dashed line) fcc opal-like structures of 8 mm glass
spheres. The frequency is normalized by wA/2c.

deeper peak can be seen (placed at A/A=0.52 and 0.54 in
each spectra). Following this strong peak a complex pattern
of consecutive and non regular dips is observed. It is inter-
esting to note that these dips are found in both cases for
values of the normalized frequency relatively close, with a
slightly shift to lower frequencies in the noncompact case,
the opposite direction than observed in first reported peak.

As a first approach to explain the observed peaks in the
spectra, we can propose a simple model for the Bragg
scattering.12 This model considers that the incident radiation
is partly reflected at the planes passing through the spheres
centers (separated form each other a distance d,;;) and that
the material presents a refractive index average of the air of
the interstices and the glass of the spheres. With these as-
sumptions, in the case of normal incidence, the first-order
Bragg diffraction is given by:

N =2d,y [n2ff + n2(1 - £6)]"2, (1)

where N is the wavelength, d;;; is the distance between
spheres planes in (111) direction, n, and n,, are the refractive
indices of the spheres and the surrounding medium respec-
tively and ff is the filling factor of the opal.

The distance d;;; between two consecutive sphere layers
can be derived from simple geometrical considerations. Fol-
lowing Fig. 4 we can see how the centers of three adjacent

FIG. 4. (Color online) Sketch of four spheres in the noncompact opal useful
to calculate the Bragg reflection frequency.
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spheres in the lower plane form a equilateral triangle whose
side equals A. The center of a sphere in the upper plane
completes a tetrahedron with the abovementioned triangle.
As this sphere touches the other three, the length of the three
new sides equals ®. Solving the height of this figure, it is
found

d111=[q)2—A2/3]1/2. (2)

In the case of the close packed opal, A=®, therefore d,;,
results

di =[29%3]"2. (3)

In the case of the noncompact one the lattice parameter is
larger than the sphere diameter. Therefore the distance be-
tween planes d;, is different, it decreases as the lattice pa-
rameter increases.

The ff is also different in the close packed and the non-
compact cases. It can be derived from simple geometrical
calculations following Fig. 4. For the noncompact case he
result is

ff = (71/32)[D/APn. (4)

The value obtained for the samples used in our measurement
are ff,.=0.52 for the non compact opal, significantly smaller
than the close packed value ff,=0.74.

Putting together the values of ff,. [Eq. (4)], and d,;, [Eq.
(2)] in the Bragg law [Eq. (1)] and applying the above men-
tioned normalization, we find a Bragg reflection value given
by

A A
X = e . (5)
2 \/ (cp2 - ?> (n?ff,, + n2(1 = ff,.))

Equation (5) can be solved in the particular case of the close
packed opal, ®=A, finding a Bragg reflection given by

A P
—= . (6)

2
» 2 \/(%)(nfffc +n(1—ff))

Following Egs. (5) and (6), Bragg diffraction peaks are ex-
pected at A/A~0.365 and A/\~0.263 in nonclose packed
and close packed opals, respectively. Therefore, we can at-
tribute the lower frequency peak (experimentally observed
around 0.38 and 0.28) to the Bragg reflection generated by
spheres layers. Calculated and measured values only differ in
a 4% and 6%, respectively, which can be due both to model
limitations and to finite size and imperfections of the opal
samples.

As the spheres become separated in one layer, the fol-
lowing one fits at a lower positions. So the Bragg reflecting
planes become closer and the reflected wavelength decreases.
This leads to an increase in the corresponding frequency, as
experimentally observed. However, the high order rejected
band cannot be explained as Bragg scattering. It does not
correspond to higher orders of this phenomenon, and the
observed shift in frequency takes place in the opposite direc-
tion.
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FIG. 5. Transmission spectra of different numbers of layers from nonclosed
packed fcc opal-like structure of 8 mm soda-lime spheres. Layer 1 (the
lowest) through 10 (upper line).

In Fig. 5 the transmission spectra fcc nonclose packed
opal of 8 mm diameter spheres are presented for a number of
stacked layers ranging from 1 to 10. It can be seen how the
0.38 peak first described start to be appreciable for seven or
eight layers and needs ten to be fully developed. This fact is
consistent with the Bragg origin previously attributed to this
peak. Several of these planes are needed to have the phenom-
enon observable, and it increases with the number of layers
(Bragg reflectors) as is expected.

In the frequency region of the high rejected band, even
for only one layer, some peaks can be observed in the
spectrum.16 However, as the number of layers increases,
these peaks shift to lower frequencies and some others ap-
pear at different values. Spheres single layers show a trans-
mission peak pattern crated by collective resonances that
take place for particular values of the incident radiation fre-
quency. These resonances are produced by non trivial com-
binations of individual sphere resonances (Mie modes) and
collective Bragg resonances.”>2® In our previous work we
have studied the evolution of the resonance pattern with the
layer Compactness16 and the results show a general shift to
lower frequencies as compactness decreases. For compact-
ness ratios of ®/A down to 0.75 the frequency shift is very
weak, increasing for lower values. As this band is developed
over the resonances of a single layer of spheres, this result is
consistent with the resonance frequency decrease produced
in the single layer by decreasing compactness.

IV. CONCLUSIONS

We have presented a study of the effect of compactness
in the electromagnetic transmission of nonclose packed fcc
opal-like arrangements of glass spheres. Experiments were
performed in the microwave domain (from 10 to 30 GHz)
with glass spheres of 8 mm diameter of high dielectric per-
mittivity (=7).
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The spectra of the compact and the noncompact samples
present the same features but shifted in their frequency val-
ues. A first peak, which shifts to higher frequencies as com-
pactness decreases, is attributed to Bragg reflection origi-
nated by spheres planes. A high order rejected band shifts
slightly in the opposite direction than the Bragg peak. This
behavior is consistent with previously reported data on the
behavior of spheres single layers, considering that the band
is generated by adding complexity to the single layer behav-
ior introducing further interactions between spheres in differ-
ent planes.
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