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We present a theoretical research of the optical properties of the (3,12,12) hexagonal 2D Archimedean
photonic crystals. The structures are made of GaAs dielectric rods in air. Our research is mainly focused on
analyzing symmetry properties of the modes and the appearance of the uncoupled modes which strongly affects
the propagation of the wave and the optical performances of the material.
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1. Introduction

Photonic crystals (PC) are materials whose refractive
index is periodically modulated in space which affects
emerging photonic band gaps (PBG). In PBG, the ex-
istence of any electromagnetic mode is forbidden. On
the other hand, there are many phenomena that are not
related to band gaps but to specificity of the band struc-
ture (for example: negative refraction and light focusing
[1-3], self-collimation [4—6]). Furthermore, for solving
many phenomena in the PC it is not enough to know the
band structure. We must have some information about
symmetry properties of the modes. Precisely, the ex-
istence of the band gap is not only the case when, for
some frequencies, there is no propagation of the waves.
Robertson et al. [7] and later Sakoda [8] theoretically
and experimentally proved that beside the symmetric
A modes (relative to mirror reflection and the incident
plane wave), in the PC, for allowed frequencies, the an-
tisymmetric B modes can also exist for which, unlike A
modes, there is no propagation of the wave. They argued
that the incident plane wave does not excite these anti-
symmetric B modes because the coupling of these modes
and the incident plane-wave radiation is forbidden by the
symmetry (incoming plane wave is even under reflection
through the mirror plane and B mode is odd). Ruan
et al [9] concluded that in PC for particular frequen-
cies and propagation directions where a B mode exists
the coupling coefficient between a plane wave and the B
mode is smaller than 1% and is about 65% for the A
mode. Therefore, symmetry analysis must be taken into
consideration when researching any phenomena related
to the propagation of the wave in the PC.
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In this paper we will classify PC bands according to the
group theory by means of the symmetries of the (3,12, 12)
structure to find symmetric A and especial antisymmet-
ric B modes which strongly affects the propagation of
the wave. Furthermore, we performed calculations of the
transmission and reflection to confirm assumptions made
according to the symmetry analysis of the modes.

2. Materials

We analyzed GaAs 2D photonic crystals dielectric rods
(e = 12.96) in air (r/a = 0.48, where r is the rod radius
and « is the smallest distance between the rods). The
structure belongs to class of the Archimedean lattices
[10] and by notation of Griinbaum and Shephard [11] is
named by (3,12,12). It falls in the hexagonal crystal sys-
tem with the p6mm plane symmetry group [12]. Figure 1
presents (3,12, 12) lattice, the unit cell and the first Bril-
louin zone with symmetry points. The first Brillouin zone
is the same as the hexagonal (triangular) lattice so we can
use the same assumptions for symmetry properties like in
well-known hexagonal structure. This is sustained by the
fact that symmetry points of our structure belong to the
Cév, C3y, Coy point groups for I', K and M respectively.
Moreover, we assumed that our material is homogeneous,
linear and lossless.

3. Analysis

For obtaining optical properties (response) of the ma-
terial one must deal with two objectives. One is to deter-
mine symmetry properties by calculating band structure
and to assign irreducible representations (IREPs) of each
band to particular symmetry point and direction (line).
The other is to calculate transmission and reflection spec-
tra, by calculating propagation of the wave through the
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Fig. 1. Crystal lattice, primitive unite cell and the
first Brillouin zone with symmetry points of the
(3,12,12) [6].

material, in order to confirm the assumptions made in
the previous analysis. The theoretical models that are
used are well-known plane wave expansion (PWE) and
the group theory for the first problem and the finite-
-difference time-domain (FDTD) for the second.

Briefly, IREPs of the modes can be obtained from in-
vestigated symmetry properties of the solutions of the
Maxwell equations (scalar fields). More precisely, we
must associate symmetries expressed by the symmetry
group (point group) with the symmetry properties of
the specific field. For detailed explanation of the models
for calculating IREPs and symmetry assignment of the
bands in hexagonal (3,12,12) and other structures there
are many books and papers with all needed tools and
tables [13-16].

Figure 2 presents the band structure of the first seven
TE polarization bands (TE polarization means that elec-
tric field vectors is normal to the plane of the wave prop-
agation) of the (3,12, 12) structure with r/a = 0.48 (the
rods almost touch). The model for the calculation is
PWE which observe PC as an infinite structure. Fur-
thermore, we assigned symmetry modes obtained by the
PWE and the group theory analysis of the symmetry
of the TE mode. A and B modes, with or without sub-
scripts, are IREPs of the TE mode in the specific symme-
try point or direction respectively. It can be seen that be-
side the partial band gaps for both symmetry directions
(I'M and I'K) there are many antisymmetric B modes
(relative to mirror reflection and the incident plane wave)
for which there is no coupling with incident wave and
therefore no propagation of the wave through the mate-
rial. Appearance of the B mode is particularly expressed
in the I'K symmetry direction because of the existence
of the E mode in I" and K symmetry point (by the group
theory double-degenerate E mode splits, for the symme-
try direction, in the one non-degenerate A mode and the
one non-degenerate B mode). In addition, we know that
some specific phenomena that are related for applications
in the optics and integrated optics (negative refraction
uses for lenses and self-collimation uses for waveguides)
emerge in the low frequency bands (in the second mode
for TE polarization [6]). Therefore, I'K direction would
be useless for those applications.
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Fig. 2. Band structure with IREPs of the first seven

bands, for the TE polarization and r/a = 0.48.

In order to confirm the predictions obtained by the
symmetry analysis we calculate transmission and reflec-
tion spectra for (3,12,12) structure, TE polarization,
r/a = 0.48, and wa/27c = 0.0-0.2. We use FDTD model
for calculation of these spectra. Dimensions of the struc-
ture are 6 x 9 layers of dodecagons (thickness x width)
which is enough for good calculations. For measuring
transmission and backward reflection we put detectors
(monitors) near the surface of the PC. In the case of the
backward reflection detector is located below the field
source. To quantify transmission and reflection we mea-
sured the overlap integral

sty - = E(0E5 (1)) 44
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It consists of the E, (propagation field at the location
of the detector), Fy (source field) and the integration is
over area A of the detector. The source field is a Gaussian
beam wide enough to be considered as a plane wave. The
results are presented in Fig. 3a and 3b for I'M and I'K
directions, respectively. The obtained spectra were nor-
malized to the source spectra and are labeled according
to previous symmetry analysis. We get sharp areas of
the high transmittance (low reflectance) for frequencies
of the A mode and the opposite where there are PBG or
B modes. As explained earlier, B modes mainly emerge
for the I'K direction. We get good agreement with re-
sults made by symmetry analysis. Exceptions emerge
only for A and B mode (third and forth mode) in the
I' M direction and the frequency range 0.105-0.120. The
reason is that FDTD model observes a finite structure
unlike PWE which assumes an infinite structure so the
frequency range for those A and B modes obtained with
FDTD is narrower from modes obtained by PWE pre-
sented in the band structure. In addition, those modes
occur between two wide PBG and cannot be well re-
solved. We can conclude that for I'M symmetry direc-
tion our structure has better performance and will be
more suitable for applications.
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Fig. 3. Transmission (full line) and reflection (dashed
line) spectra for the (a) I'M and (b) I'K crystal direc-
tion respectively. Spectra are labeled according to the
symmetry analysis of the modes.

4. Conclusions

We present our research of the optical properties of
the (3,12,12) hexagonal 2D Archimedean dielectric PC
structure. Optical properties are obtained by analyz-
ing the symmetry properties of the PC modes and the
transmission and reflection spectra of the material. We
have shown that optical properties of the structure are
strongly affected not only with symmetric A modes
and PBG but also with antisymmetric B modes that do
not couple with incident wave and give no transmission
through the structure. This all implies that symmetry
analysis must be taken into consideration when research-
ing any phenomena that is connected with the propaga-
tion of the wave in the PC. Furthermore, this structure
will have better performance and be more suitable for ap-
plications for the I'M symmetry direction, since for this
direction B modes have a smaller impact on the optical
properties.
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