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Abstract

The paper presents a comparison between experimental and theoretical transmission curves obtained for a two-dimen-
sional dielectric photonic crystal. We get a perfect agreement on the transmission peaks inside the gap for a crystal with
microcavities. Some discrepancies observed on the low frequency side of the gap are analyzed, and we highlight the most
probable origins of this disagreement. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Due to the periodicity of the structure, photonic crystals
exhibit photonic band gaps. Inside these gaps, photons
cannot propagate in a given range of wavelengths, what-
ever the direction of propagation [1-3]. By introducing
defects inside the crystal, it is possible to generate local-
ized resonances. For example, microcavities created inside
the crystal can play the role of relays for the photons at
wavelengths inside the gap. As a consequence, if the
resonant wavelength of a microcavity lies inside the gap of
the periodic crystal, peaks of transmission can occur [2,4].

The aim of this paper is to present a comparison
between experimental data obtained for a dielectric pho-
tonic crystal in the microwave region between 2 and 6
GHz and theoretical results obtained from a rigorous elec-
tromagnetic method. Such comparisons have been pub-
lished in the recent years. Sigalas et al. [5] have compared
their numerical computations with experimental results
obtained by Smith et al. [6] around 10 GHz. It is to be
noticed that in Ref. [6], the experimental results are ob-
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tained by placing a 2D photonic crystal inside a wave-
guide. In that case, the theoretical data are deduced from
the supercell hypothesis where the microcavity has been
periodized, in such a way that the photonic crystal remains
periodic. Gadot et a. [7] have presented comparisons
between experimental results in the range 30—75 GHz and
theoretical results obtained from the transfer matrix method
developed by Pendry and McKinnon [8]. The same transfer
matrix method was used by Ozbay et al. [9] at frequencies
close to 100 GHz. In Refs. [7,9], no comparison between
experiment and theory has been presented for crystals
doped with microcavities.

2. Materials and methods

The interest of our theoretical method lies in the fact
that it is able to deal with a crystal containing a finite
number of rods [10]. In this theory, the rods are of infinite
length, and each rod is characterized by its scattering
matrix which links the diffracted field to the incoming one,
these fields being represented by Fourier—Bessel expan-
sions. From tranglation properties of Bessel functions, the
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scattering problem is reduced to the resolution of a linear
system of equations. This method combines very good
relative accuracy (better than 1%) with rapid computation.
The number of rods can reach 500 on an ordinary desktop
computer with 256 M of RAM. This theoretica method
allows us to model a crystal under conditions that are very
close to the actual experimental device, without supercell
hypothesis.

The photonic crystal is shown in Figs. 1 and 2. This
crystal of hexagonal symmetry is made of 80 dielectric
rods. These rods are molded with a composite materia
made by IMO Company (91360 Epinay sur Orge, France),
containing alumina and synthetic resin. The distance be-
tween the centers of two neighboring rods is 33 mm. The
diameter and the length of the rods are 10 mm and 300
mm, respectively, and their permittivity was given to be
equal to 64+ 2 by the manufacturer. Fig. 3 shows the
experimental setup. The crystal is placed between two
horns (ARA DRG 118A). It is possible to adjust the
distances d, and d, between the crystal and the emitting
or receiving horns, respectively. The experimental data
reported in the following have been obtained by averaging
the transmission measured for different values of (d,, d,),
d. and d, being chosen in the range 4-12 cm, in order to
reduce the effects of interaction between the horns and the
crystal. In order to reduce external disturbances, the device
is surrounded by absorbent foam. The emitting horn is fed
by a sweeper (HP83640). Reception and analysis of the
signal are performed by a vectorial network analyzer
(HP8510C) and a test set (HP8516). The frequency of the
electromagnetic signal can be varied in the range 2—6

O O O
O O (@) @)
O O O
O O O O
O (@) O
O O O O
O O O
O @) @) @)
(@) @) (@)
O @) O O
@) O O
— O o @) (@) (@)
. O O
Incident o o o o
Wave @) @) @)
O O @) O
O O O
O O O O
O O O
O @) O O
O @) O
O O O O

@) @) O

Fig. 1. Scheme of the photonic crystal. In the non-doped crystal,
all the rods are present. The doped crystd is obtained by suppress-
ing the two grey rods.

Fig. 2. Non-doped crystal realization.

GHz. The dynamic range of the experimental setup can be
evaluated to 70 dB.

In the theoretical results, the crystal isilluminated by a
plane wave and the transmission is computed in the fol-
lowing way. We compute the flux &, of the Poynting
vector on a line lying on the exit side of the crystal. This
line (do not forget that it is a two-dimensional problem)
represents the entry face of the receiving horn. In the
following, this line is situated 8 cm from the centers of the
exit side rods and is 20 cm long. We also compute on the
same line the flux &; of the Poynting vector of the
incident wave only (in other words, without the crystal).
The transmission is defined as the ratio @,/ P;.
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Fig. 3. Experimental setup.
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3. Experimental

The discrepancy between experimental data and our
preliminary theoretical results on both sides of the gap led
us to perform precise measurements of the permittivity of
the rods. We used a classical technique of guided propaga-
tion by placing a sample of dielectric materia of rod inside
a coaxia cell. The measurements have shown that the
material is lossless and its relative magnetic constant is
equal to unity. Furthermore, we found that the rods are not
al identical from the electromagnetic point of view. Nev-
ertheless, their permittivities stay in the range 6 + 0.3 for
frequencies between 2 and 6 GHz.

Fig. 4 shows the experimental and theoretical transmis-
sion curves obtained for the non-doped crystal of Fig. 1.
The same curves are given in Fig. 5 for the doped crystal.
The theoretical data have been obtained by using a permit-
tivity equal to 6. The transmission gap extends from 3.5 to
5 GHz. For the doped crystal, two transmission peaks
appear inside the gap at 4.08 GHz and 4.30 GHz (experi-
mental results), or 4.09 GHz and 4.33 GHz (theoretical
results). The origin of the double peaks is the existence of
a couple of resonance frequencies for the microcavity
made by the two defects, as shown in Ref. [4]. A very
good agreement between experimental and theoretical data
is obtained for the location of the peaks. On the other
hand, significant discrepancies occur on both sides of the
gap and mostly on the left-hand side, the right-hand side of
the gap being located at 5 GHz precisely in both cases.

4, Results and discussion

The agreement of the location of the peaks is not
surprising. Indeed, these peaks are caused by resonance
phenomena inside the microcavities. The resonance fre-
guency is independent of many experimental parameters
such as the width and the incidence of the light beam. In
contrast, the transmission factor strongly depends on these
parameters. The fact that the main discrepancies appear on
both sides of the gap could be caused by many reasons.
First, it has been mentioned that the permittivities of the
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Fig. 4. Transmission curves for the non-doped crystal.
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Fig. 5. Same asin Fig. 4, but for the doped crystal.

rods are not equal. Fig. 6 shows three theoretical transmis-
sion curves obtained by assuming ¢ = 5.7, 6.0 and 6.3 for
al the rods of the crystal of Fig. 1. Obviously, the effects
of the variation of permittivity appear to be greater on the
left-hand side of the gap. We could be inclined to deduce
that the dispersion of the permittivity causes the discrep-
ancy observed in Figs. 4 and 5. However, additional
calculations made by considering a random permittivity of
the rods in the range 5.7—6.3 for al the rods show that the
effect of a random dispersion of the rods is much smaller
than the effect of a general change of permittivity of all
rods. In practice, this curve is aimost identical to the curve
corresponding to =6 in Fig. 6. Thus, it seems that the
dispersion of permittivity is not the main reason for the
discrepancy observed in Figs. 4 and 5.

A second explanation could be found in the property of
ultrarefractivity proposed by specidlists of photonic crys-
tals [11]. From diagrams of dispersion of light velocity
inside the crystal, these specialists predict that at the edge
of a gap, a photonic crystal can behave as a homogeneous
material with a permittivity close to zero. A finite size
incident beam cannot be rigorously parald; thus, it con-
tains directions of propagation dlightly different from the
average direction. When the crystal is removed, this small
angular range of the direction of propagation has no effect
in practice on experimental measurements. However, if we
conjecture that the crystal simulates a homogeneous mate-

) .
z \\\
§-104— ----- £=57 Wy
] €=6 4
E | —---—e=63
g -
& 20 ! S

-30

2 3 4 5 6

Frequency (GHz)

Fig. 6. Non-doped crystal: theoretical results for different values
of the permittivity &.
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Fig. 7. Transmission through the crystal according to the ultrar-
efraction conjecture.

rial with permittivity (thus optical index) close to zero, this
narrow angular range may generate a significant widening
of the outgoing beam, thus a reduction of the measured
transmission (see Fig. 7). Indeed, in Figs. 4 and 5, the
main discrepancies are observed on both sides of the gap
(it is worth noticing that a second gap, which cannot be
seen in Figs. 4 and 5, begins at a frequency close to 6
GHz) and always consist of a reduction of the transmission
factor. Of course, this reasoning is not a proof that ultrar-
efraction is the actual explanation of the discrepancies
observed between experimental and theoretical data. The
existence of ultrarefraction phenomena will be shown from
electromagnetic theory in a following paper. In this study,
it emerges that these phenomena are very selective in
wavelength and thus, they cannot explain entirely the
discrepancies observed in Figs. 4 and 5.

Other explanations of the discrepancies can be found.
In our calculations, the incident wave is a plane wave of
infinite extension, and the crystal is made with rods of
infinite length. In practice, at the lower frequency of the
gap, the length of the rods is of the order of three
wavelengths only. Moreover, the presence of the emitting
and receiving horns close to the crystal gives rise to
complicated interaction phenomena which are not taken
into account in our calculations. The support (polystyrene)
of the crystal could aso have an influence on the measured
transmission.

5. Conclusion
Comparisons between experimental and theoretical data

for transmission of doped and non-doped dielectric pho-
tonic crystals in the microwave region have shown a good

agreement, especialy in the location of transmission peaks
for doped crystal. On both sides of the gap, measured
transmission factors can be significantly smaller than theo-
retical ones. Ultrarefractive phenomena could be an expla-
nation of this difference.

Acknowledgements

The research described in this paper has been per-
formed in the course of a contract between the Laboratoire
d Optigue Electromagnétique and the Délégation Générale
pour I’Armement (French Ministry of Defense). The au-
thors are indebted to G. Kaul for his contribution in the
realization of the experimental device.

References

[1] E. Yablonovitch, T.J. Gmitter, Photonic band structures: the
face-centered cubic case, Phys. Rev. Lett. 63 (1989) 1950—
1957.

[2] E. Yablonovitch, Photonic crystals, J. Mod. Opt. 41 (1994)
173-194.

[3] S. John, Strong localization of photons in certain disordered
dielectric superlattices, Phys. Rev. Lett. 58 (1987) 2486—
24389.

[4] G. Tayeb, D. Maystre, Rigorous theoretical study of finite-
size two-dimensional photonic crystals doped by microcavi-
ties, J. Opt. Soc. Am. A 14 (1997) 3323-3332.

[5] M. Sigalas, C.M. Soukoulis, E.N. Economou, C.T. Chan,
K.M. Ho, Photonic band gaps and defects in two dimensions:
studies of the transmission coefficient, Phys. Rev. B 48
(1993) 14121-14126.

[6] D.R. Smith, S. Schultz, SLL. McCall, P.M. Platzmann, Defect
studies in a two-dimensional periodic photonic lattice, J.
Mod. Opt. 41 (1994) 395-404.

[7] F. Gadot, A. Chelnokov, A. De Lustrac, P. Crozat, JM.
Lourtioz, D. Cassagne, C. Jouanin, Experimental demonstra-
tion of complete photonic band gap in graphite structure,
Appl. Phys. Lett. 71 (1992) 1780-1782.

[8] JB. Pendry, A. MacKinnon, Calculation of photon disper-
sion relations, Phys. Rev. Lett. 69 (1992) 2772—-2775.

[9] E. Ozbay, G. Tuttle, J.S. McCalmont, M. Sigalas, R. Biswas,
C.M. Soukoulis, K.M. Ho, Laser-micromachined millimeter-
wave photonic band-gap cavity structures, Appl. Phys. Lett.
67 (1995) 1969-1971.

[10] D. Felbacg, G. Tayeb, D. Maystre, Scattering by a random
set of parallel cylinders, J. Opt. Soc. Am. A 11 (1994)
2526-2538.

[11] J.P. Dowling, C.M. Bowden, Anomalous index of refraction
in photonic bandgap materials, J. Mod. Opt. 41 (1994)
345-351.



