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Photonic band gap and transmission characteristics of 2D metallic photonic crystals at THz frequencies
have been investigated using finite element method (FEM). Photonic crystals composed of metallic rods
in air, in square and triangular lattice arrangements, are considered for transverse electric and trans-
verse magnetic polarizations. The modes and band gap characteristics of metallic photonic crystal struc-
ture are investigated by solving the eigenvalue problem over a unit cell of the lattice using periodic
boundary conditions. A photonic band gap diagram of dielectric photonic crystal in square lattice array
is also considered and compared with well-known plane wave expansion results verifying our FEM
approach. The photonic band gap designs for both dielectric and metallic photonic crystals are consistent
with previous studies obtained by different methods. Perfect match is obtained between photonic band

gap diagrams and transmission spectra of corresponding lattice structure. © 2013 Optical Society of

America
OCIS codes:
Metals; (040.2235) Far infrared or terahertz.
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1. Introduction

Terahertz (THz) waves refer to electromagnetic radi-
ation that has a frequency between 0.3 and 10 THz.
THz radiation lies between microwave and infrared
regions and corresponds to the submillimeter and far
infrared wavelength range. In recent years, this
region has become scientifically available and at-
tracted a lot of attention on its potential and prom-
ising applications in many areas such as sensing,
imaging, security, spectroscopy, and telecommunica-
tions [1-3]. With the rise of THz-frequency-based
technology and developments in generating THz
radiation and detection, the need for compact, func-
tional optical components for the THz spectral range
has increased.
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For the last few decades, photonic crystals have at-
tracted a great deal of attention due to their capabil-
ity to control and manipulate electromagnetic wave
propagation within photonic band gaps determined
by certain frequency ranges and directions [4]. They
have become the subject of both theoretical and ex-
perimental studies in optoelectronic and integrated
optics because of their low losses and low dispersion
properties.

Photonic crystals are good candidates to construct
a variety of components for compact application sys-
tems operating at THz frequencies such as wave-
guides [5], THz switches [6], filters [7], splitters [8],
etc. with small sizes, low loss, and flexibility of
fabrication due to comparatively large THz wave-
lengths. Compared to dielectric photonic crystals,
metallic photonic crystals offer much wider photonic
band gaps, which leads to wider frequency ranges
[9-11]. Metallic photonic crystals are more reflective
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than their dielectric counterparts [12,13]. Therefore,
it is possible to design more compact and lighter de-
vices since fewer periods with metallic photonic crys-
tals are required [14,15]. Moreover, metallic photonic
crystals are more suited to handling higher-energy
THz signals than dielectric photonic crystals. Studies
of metallic photonic crystals have mostly concen-
trated in the microwave and millimeter frequency
range due to their low propagation losses [9,16,17].
In the THz range, the losses caused by finite conduc-
tivity of metals are comparatively smaller than those
at optical frequencies. They have also been used in
the THz frequency range to study their filtering and
wave guiding capability [18-23].

The band gap diagram, namely dispersion dia-
gram, is achieved by solving the eigenvalue problem.
Dispersion diagrams are key to determining band
gaps and pass bands of periodic structures that pro-
vide information for designing an optoelectronic de-
vice. Many numerical methods, including the plane
wave expansion (PWE), finite difference time domain
(FDTD), finite difference (FD), finite element, etc.
have been utilized for analyzing the photonic band
gap structures and achieving the band gap diagram.
Among these approaches, the conventional PWE
method is the most used and reliable method for non-
dispersive materials. However, this approach has a
limitation when it comes to metallic photonic crystal
structure. The equations for the conventional PWE
method are valid for real-valued dielectric constant.
Consequently, conventional PWE method cannot
deal with lossy materials since the loss in a material
is incorporated into the model through the imaginary
part of the dielectric constant. In order to calculate a
band gap diagram of photonic crystal with metallic
inclusions, a modified/extended PWE method is
proposed [24,25].

The photonic band gap of metallic photonic crys-
tals has been theoretically studied by many methods
that consider photonic crystals with frequency-
dependent dielectric constants. A 2D array of infi-
nitely long metallic cylinders embedded in vacuum
was carried out by Kuzmiak et al. in 1994 [24].
The modified PWE method calculates the eigenval-
ues to study the band gap diagrams of metallic pho-
tonic crystals with dielectric constant in free-electron
form arranged in square and triangular patterns.
The permittivity is real-valued so the absorption is
not taken into account. This study showed the signifi-
cant differences in the band structures for TM and
TE modes. For TM mode, metallic photonic crystals
exhibit a broad photonic band gap between zero fre-
quency and their cutoff frequency. On the other hand,
for TE mode, metallic photonic crystals produce flat
bands with very low group velocities. Another study
was carried out by using the generalized Rayleigh
identity method to calculate band diagrams of 2D
arrays of perfectly conducting cylinders [26]. Later,
the photonic bands of metallic systems by means of
the numerical simulation of the dipole radiation
based on the FDTD method was carried out in
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2001 by Sakoda and co-workers [27,28]. The results
were in agreement with Kuzmiak’s study; moreover,
the flat bands with very low group velocities seen
in TE mode were explained by the existence of
plasmon resonances. For these modes, wave propaga-
tion is provided with plasmon resonances rather
than a band gap mechanism. Some other approaches
are used to calculate the photonic band gap of
metallic photonic crystals. They include transfer
matrix method [29], FDTD method [10,30], finite
difference method [13,31], finite difference frequency
domain method [32], multiple multipole method
[33], Korringa—Kohn—Rostoker method [34,35],
multiple scattering methods [36-37], and order-N
method [38].

In this paper, the photonic band structure and
transmission calculations of 2D metallic photonic
crystals in the THz frequencies are investigated
using finite element method (FEM). The FEM has
proven to be a very reliable and effective numerical
approach for modeling and simulating a wide range
of physics and multiphysics problems, especially for
complex structures. It is also able to resolve and
describe wave propagation as well as the dispersion
diagram of photonic crystal structures [39—41]. We
implement calculations using a commercially avail-
able software based on FEM [42].

Photonic crystals consisting of metallic cylinders
in air arranged by two types of lattice arrays, namely
square and triangular lattice structures, are consid-
ered. First, the FEM approach is introduced for the
calculation of 2D photonic crystal bands for metallic
photonic crystals considering dispersive properties.
In the calculations, frequency dependence and losses
are considered by specifying the material properties
with the Drude model [43]. We calculate the band
gap structure of metallic photonic crystals by solving
nonlinear quadratic eigenvalue equations using the
FEM approach for two polarization directions, trans-
verse electric (TE) and transverse magnetic (TM). In
order to verify our FEM approach, FEM and PWE
methods are compared for nondispersive photonic
crystal. The calculated results are presented in
Section 2. In Section 3, THz transmission properties
of metallic photonic crystals are investigated and
compared to the band gap diagram of corresponding
crystal structures, and finally conclusions are given
in Section 4.

2. Computation of Photonic Band Gaps

Electromagnetic wave propagation in a photonic
crystal structure can be studied by solving Maxwell’s
Equations in the following form for magnetic field [4]:
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where w is the angular frequency, ¢ is the speed of

light in vacuum, and &(r) is the relative permittivity

of material.



We consider that the 2D photonic crystals system
is periodic in the x and y direction and homogeneous
in the z direction. The modes in 2D photonic crystals
can be classified into two polarizations: the TM mode
and the TE mode. For the TE mode, the magnetic
field is along the z direction (H = H,d,) and for
the TM mode, it is the electric field (E = E,d,).

The 2D photonic crystal is a medium described in

terms of e. As the medium is periodic, £(7) = (7 + R),

where R is the lattice translation vector. The trans-
lational symmetry of the dielectric function implies
that Bloch waves are determined from a problem
over one cell in the lattice array. According to Bloch
theorem, the wave function can be written as the

product of a periodic function where u(r) = u(r + fé)
and an exponential factor

H) = u(@)e 7, 2)

where k = (k, + k,) is the wavevector of the Bloch—
Floquet wave that lies within the Brillouin zone.
Electric or magnetic field then can be determined
by solving the eigenvalue problem with the wavevec-

tor k or the frequency o with the unknowns of Eq. (1).

Most computation methods solve eigenvalue equa-
tions by specifying Bloch % vectors and computing
frequencies w as a function of the wavenumber

w(k). This is very convenient for photonic crystals
consisting of nondispersive materials where the di-
electric constant is frequency independent since
the problem reduces to a generalized linear eigen-
value equation. However, when dealing with disper-
sive material such as metals, the eigenvalue problem
becomes nonlinear and iterative algorithms are re-
quired to reach a solution [44].

For the calculations of the dispersion relation cal-
culations, we use FEM by specifying the frequency
and solving the eigenvalue equations for wave vec-

tors k& obtaining the bands as k(w). Material
dispersion and frequency dependency are considered
since the frequency is the parameter of the eigen-
value equation. With the formulation developed by
Hiett, solving the eigenvalue equation considering
k as the eigenvalue instead of the frequency results
in a more tractable quadratic eigenvalue equation in
k which can be solved by proper linearization proce-
dures [45,46]. Moreover, the calculated eigenvalues
are complex-valued when dispersive/lossy material
is considered.

The propagating modes in a photonic crystal are
described by real-valued wave vector, while the
imaginary part of the complex wave vector exhibits
the evanescent modes. Therefore, this method is
more convenient for photonic crystal containing dis-
persive material such as metals.

In order to obtain band structure, quadratic eigen-
value calculations are performed over a unit cell of a
photonic crystal lattice with Floquet periodic
boundary conditions. The computational domain is
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Fig. 1. Square lattice with unit cell is highlighted with red center
square. Brillouin zone is shown in the shaded area, indicating the
high-symmetry points I, X, and M, which are the edges of the
Brillouin zone.

discretized by means of FEM, turning the nonlinear
eigenvalue equation into an algebraic linear equa-
tion system. Bloch %k vectors are computed along
specific £ direction.

The FEM calculations are carried out on the unit
cell as seen in Figs. 1 and 2, applying the Floquet
periodic boundary conditions on exterior boundaries
of the unit cell that extend the structure to infinity.
Figures 1 and 2 show the top view of the square lat-
tice and triangular lattice arrays, respectively, with
radius r and lattice spacing a. The Brillouin zones
are shown in shaded areas, indicating the high sym-
metry points.

Table 1 shows the reciprocal lattice vectors in the
Brillouin zone used for calculation. Photonic bands
are calculated along high-symmetry crystal direc-
tions over the entire irreducible Brillouin zone.

A. Validation of FEM Model

Here, we solve eigenvalue calculations for band
structures of the 2D dielectric photonic crystals.
The FEM calculations are verified by comparing
the results to the well-known PWE method studying
a dielectric material, since the PWE method cannot
be applicable for materials with losses, e.g., metals.
Dispersion relation of square lattice pattern is stud-
ied for TE and TM polarizations.

2D photonic crystal structures consist of silicon
(e = 11.7) circular cylinders with radius r = 0.2a em-
bedded in air (¢ = 1) background as shown schemati-
cally in Fig. 1. The Si cylinders form a square lattice
array with lattice spacing (@ = 50 pm). Light propa-
gation is considered in the xy plane of the square
lattice structure.
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Fig. 2. Triangular lattice with unit cell is highlighted with red
parallelogram. Brillouin zone is shown in shaded area, indicating
the high-symmetry points I', K, and M, which are the edges of
Brillouin zone.
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Table 1. Symbols and Wave Vector Directions for Square and Triangular
Lattices

Square Lattice Triangular Lattice

Symbol Reciprocal Lattice Symbol Reciprocal Lattice

r k=0 r k=0
X k=(r/wd) M k = 21/ 3a)a,
M k=(/a)i, + (x/a)a, K k= (21/30)i, + 21/V3a)d,

Figures 3 and 4 present the band gap diagrams
along the high symmetry points I', X, and M of the
Brillouin zone for TM and TE modes, respectively.
The solid black lines represent the bands calculated
using PWE method and the red dots, the bands cal-
culated using FEM method. As can be seen from
Fig. 3, there is a large band gap for TM mode in the
normalized frequency range between 0.28 and 0.42
and a smaller band gap between 0.72 and 0.75. In
TE mode, no band gap appears for this configuration,
as can be seen in Fig. 4. For both band gap calculation
in TM and TE mode, FEM results match almost per-
fectly with the results produced by the PWE method
[47]. This study has validated our FEM approach; in
the next section our simulations are adapted to
metallic photonic crystals.

B. Metallic Photonic Band Gaps

Drude model is utilized to calculate the complex,
frequency-dependent dielectric function for metallic
material in the form [43]

2
@p

@? - iow,

elw)=1- 3)

where ), is the plasma frequency and o, is the damp-
ing frequency. This expression takes the metallic
losses through its description into account. Drude
parameters used in the calculations for copper are
w,/2x = 1914 THz, w,/27 = 8.34 THz [43].
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Fig. 3. TM band structure of 2D photonic crystal in square lattice
of silicon rods in air, radius r = 0.2a. Solid black lines represent
the bands calculated using the PWE method. The bands calculated
using FEM are represented with red dots.

7370 APPLIED OPTICS / Vol. 52, No. 30 / 20 October 2013

—_—

0.9 ————t;;“““‘*“*‘_

o o
~ Q0
fééé?g%i

O
o
T

Normalized Frequency (wal2nc

0.4f .
03f .
0.2 * FEM )
01f — PWE .
0
r X M r
Wave Vector (ka/2r)

Fig. 4. TE band structure of 2D photonic crystal in square lattice
of silicon rods in air, radius r = 0.2a. Solid black lines represent
the bands calculated with the PWE method. The bands calculated
with FEM are represented with red dots.

The photonic band structure of a system consisting
of a square lattice array of copper cylinders em-
bedded in air is calculated. The radius of the rods
is r = 0.2a, where lattice pattern, a, is set at 50 pm.

The calculated photonic band structures are plot-
ted along high-symmetry directions I', X, and M as
depicted in Figs. 5 and 6 for TM and TE modes, re-
spectively. The high-symmetry points are set as
Io,0), X(z/a,0), and M(z/a,x/a) from center to
near and far edge of the Brillouin zone. In the band
gap diagram, photonic bands with the lowest
frequencies within THz range are drawn.

There are two band gaps appearing for metallic
photonic crystals in square lattice pattern for TM
mode within the THz range, as seen in the shaded
areas marked in Fig. 5. In contrast to the case of di-
electric photonic crystals, there is a cutoff frequency
and the metallic photonic crystal exhibits rather
large photonic band gaps. The frequency range
between zero frequency and the cutoff frequency
defines the first band gap. The second band gap is
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Fig. 5. Photonic band structure of a square lattice of metal cyl-
inders in air for TM mode. The photonic crystal is characterized
by a 50 pm lattice period in square lattice pattern with a radius
of 0.2a. The left inset shows the high symmetry points at the cor-
ners of the irreducible Brillouin zone; the right inset shows the
square lattice pattern.
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Fig. 6. Photonic band structure of a square lattice of metal
cylinders in air for TE mode. The photonic crystal is characterized
by a 50 pm lattice period in square lattice pattern with a radius of
0.2a. The left inset shows the high-symmetry points at the corners
of the irreducible Brillouin zone; the right inset shows the square
lattice pattern.

located between the maximum of the first band and
the minimum of the second band. No wave can propa-
gate through the structure for frequencies falling
within the photonic band gap, as opposed to the pass
band of the structure where it becomes transparent
to the wave propagation.

The first band gap is wider, extending from 0 to
3.244 THz, and the second band gap is between
4413 and 5.242 THz. We have represented the
frequencies without any normalization in the case
of metallic materials; however, these ranges corre-
spond to 0-0.5407 (wa/27zc) and 0.734-0.8778
(wa/2nc), respectively, in terms of normalized
frequencies. The region between these two bands,
3.244-4.414 THz, is the pass band of the crystal.
As can be seen in Fig. 6, there is no band gap for
TE mode. Moreover, for TE mode, unlike TM mode,
metallic photonic crystals do not possess a nonzero
cutoff frequency. These results are in good agreement
with previously published results [24,31,48].

Figure 7 shows the electric field distribution of TM
eigenmodes of the six lowest photonic bands of a

o) ",
a L.j.m'

Fig. 7. Electric field distribution of first six eigenmodes at I" point

of a square lattice of metallic circular cylinders for TM mode. In the
figures, the maximum of electric field is normalized to unity.

square lattice of metallic cylinders at the I' point.
The E-field is plotted for the modes from lowest
to highest frequency, labeled as (a) 3.244 THz,
(b) 6.415 THz, (c) 6.933 THz, (d) 6.933 THz,
(e) 7.918 THz, and (f) 9.308 THz.

As aresult of spatial symmetry of the lattice struc-
ture, all the eigenmodes are symmetric. The first
mode [Fig. 7(a)] corresponds to the cutoff frequency,
and therefore most of the energy is concentrated in
the metallic lattice unlike the other modes shown.
The cutoff corresponds to the lowest mode of the '
point in % space. The third and fourth modes appear
at the same frequency and their electric field distri-
butions have the same field distribution with mirror
symmetry.

The complex eigenvalue problem is now solved for
wave vector &, for a given frequency o in the unit cell
of triangular lattice array of copper cylinders em-
bedded in air. The unit cell is indicated by the black
frame in Fig. 2. In triangular lattice pattern, the met-
allic cylinders are arranged periodically; the separa-
tion between rods is equal to the lattice constant, a,
in the I'-K direction, while rods are +/3a apart from
each other in the I'-M direction.

The calculated photonic band structures for tri-
angular lattice pattern are plotted along high-
symmetry directions I, M, and K as depicted in
Figs. 8 and 9 for TM and TE modes, respectively.
In the band gap diagrams, the lowest frequency
bands in THz range are drawn. The high-symmetry
points I', M, and K from center to near and far edge of
the Brillouin zone are set as in Table 1.

The band gap diagram depicted in Fig. 8§ shows
that there are two band gaps for metallic photonic
crystals. Similar to the square lattice case for TM
mode, a cutoff frequency is observed. The first band
gap is wider than the second one and extends from 0
to 3.764 THz, while the second band is very narrow
and spans from 7.019 to 7.157 THz, corresponding to
0-0.673 and 1.1698-1.928 in normalized frequency,
respectively. In the band gap diagram for TE mode,
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Fig. 8. Photonic band structure of a triangular lattice of metal
cylinders in air for TM mode. The photonic crystal is characterized
by a 50 pm lattice period in triangular lattice pattern with a radius
of 0.2a. The left inset shows the high-symmetry points at the
corners of the irreducible Brillouin zone; the right inset shows
the triangular lattice pattern.
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Fig. 9. Photonic band structure of a triangular lattice of metal
cylinders in air for TE mode. The photonic crystal is characterized
by a 50 pm lattice period in triangular lattice pattern with a radius
of 0.2a. The left inset shows the high-symmetry points at the
corners of the irreducible Brillouin zone; the right inset shows
the triangular lattice pattern.

neither band gap nor cutoff frequency is observed, as
shown in Fig. 9. The lowest frequency bands tend to
zero at I' point.

Figure 10 shows the electric field distribution of
eigenmodes of the six lowest photonic bands of a tri-
angular array of metallic cylinders at the I' point.
The E-field is plotted for the modes from lowest to
highest frequency as (a) 3.764 THz, (b) 7.019 THz,
(c) 7.415 THz, (d) 7.415 THz, (e) 9.313 THz, and
(f) 9.313 THz. Similar to the square lattice eigenm-
odes, most of the electromagnetic field is concen-
trated between the metallic cylinders. As can be
seen from the eigenmodes in the figure, a triangular
lattice pattern supports symmetric (even) and
antisymmetric (odd) modes. Antisymmetric modes
appear for higher eigenfrequencies.

We may distinguish the parity of modes, whether
even or odd, from the electric field distribution of the
bands. This helps in understanding the transmission
characteristics of the metallic lattice structure. Since
only the TM polarization presents a band gap, we are
using this property to study the transmission spectra
of four layers of copper cylinders in a square lattice
pattern.

(d)

Fig. 10. Electric field distribution of first six eigenmodes at I'
point of a triangular lattice of metallic circular cylinders for TM
mode. In the figures, the maximum of electric field is normalized
to unity.

7372 APPLIED OPTICS / Vol. 52, No. 30 / 20 October 2013

3. Transmission Spectrum Analysis

Transmission and filtering characteristics of 2D met-
allic photonic crystals embedded in parallel plate
waveguide have been studied experimentally and
compared with simulation results achieved by
TMM results in Zhao and Grischkowsky [21]. In
the study, five columns of gold coated SU-8 polymer
cylinders embedded in air, in square lattice, with
lattice constant of 160 um, rod radius r = 0.22a,
and height of 80 pm have been exposed to a signal
in the range of 0.5—-3 THz. A recent study has been
conducted on the THz transmission properties of
2D metallic photonic crystals in square lattice with
control of air gap between the parallel metal plates
and the tunability of the stop bands using FDTD
method and dispersion relation through its phase
in the THz range up to 2.5 THz [49].

In this section, we present a series of simulations
in order to obtain transmission characteristics of
THz wave propagation within 2D metallic photonic
crystals in square and triangular lattice patterns
scanning the whole THz range. The THz transmis-
sion and dispersion relations of 2D metallic photonic
crystals are investigated in detail and a comparison
will be drawn in order to understand the propagation
characteristics. As no band gap appears for metallic
photonic structures in TE mode, transmission spec-
tra is calculated only for TM mode.

Power transmission is defined as the ratio of power
flowing through the output boundary on the incident
power at the input boundary. Nonreflecting boun-
dary conditions are used in order to prevent any re-
flection which could affect the power measurements
at both locations.

Transmission spectrum of a 2D metallic photonic
crystal structure consisting of copper rods is calcu-
lated over a geometry shown in Fig. 11. The direction
of wave at a normal incident corresponds to the I'-X
direction in crystal.

Figure 12 shows (a) the transmission spectra of 4
layers of rods and (b) a band gap diagram of a square
lattice structure. On the one hand, transmission oc-
curs only for eigenvectors in the direction of the in-
cident radiation, the I'-X direction. On the other
hand, within the band gap frequencies, the structure

Y —> THz

Fig. 11. Schematic illustration of the geometry used in calcula-
tions. Red circles correspond to metallic cylinders. Nonreflecting
boundary conditions are used to surround computational area
in order to prevent reflections.
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present common photonic band gaps for any crystal direction.

is reflective; therefore, the transmission of incident
wave to the output side of the crystal structure is
drastically suppressed. The position of transmission
dips follows the band gap diagram. In the first band
gap, between 0 and 3.244 THz, the transmission is as
low as —150 dB, indicating the cutoff frequency. The
first pass band is between 3.244 and 3.751 THz.
The frequency corresponds to the pass bands of
the square lattice structure. The second band gap is
between 3.751 and 5.236 THz; there are also two
other small band gaps between 6.415-6.933 THz
and 7.188-7.918 THz. It is clear that the correspond-
ing positions of the dips and peaks of the transmis-
sion results show excellent agreement with the band
gap diagram.

The position of dips corresponds to the point on the
I" direction as the wave is at normal incidence. It also
clearly shows the existence of cutoff frequency be-
tween zero frequency and a certain cutoff value
where there is no propagation.

Figure 13 gives an illustration of the electric field
propagation at normal incidence to square lattice
crystal for two frequencies at 3 and 3.5 THz. If the
frequency is within a photonic band gap as at

000 O 0000
OO0 O O 0.0 Og0 [
DRCRORC ofo oo
0 00O ' 00 OO i
O O O O o) ole i
DRORORC !oooo
0O 00O 00 OO o
OO0 OO o%0 OO
000 O Yo v i
0000 ORONOR0

(@ (b)

Fig. 13. Electric field distribution metallic photonic structure in a
square lattice array with rod radius of 0.2a, where lattice constant
a =50 pm at (a) 3 THz and (b) 3.5 THz.

3 THz, the E field rapidly decays inside the crystal;
otherwise, it propagates through the array as de-
picted for 3.5 THz.

Transmission spectrum of metallic photonic crys-
tal in triangular pattern is calculated along the
I'-M and I'-K directions for TM mode. Figure 14(a)
shows the transmission spectra of triangular lattice
array consisting of 5 layers with lattice constant of
50 pm and rod radius of 0.2a, while Fig. 14(b) shows
the band gap diagram of triangular lattice along high
symmetry points.

The band gap diagram represents the 6 lowest
bands for metallic cylinders in triangular lattice
array in the THz range. In the band gap diagram,
the shaded areas show the band gap for any crystal
direction. The transmission is calculated for I'-M and
I'-K directions, and it exhibits the band characteris-
tics in the given direction. The position of transmis-
sion dips and peaks follows the same pattern with
the band gap diagram. The frequencies at the band
gap edge indicated by the high symmetry points
coincide with transmission spectrum of correspond-
ing propagation direction.

It can be seen from the transmission spectra that
transmission occurs only at the frequencies where
there are eigenmodes with wave vectors in the direc-
tion of the incident radiation. However, as mentioned
earlier, not all the modes for this structure are
symmetric. For instance, the third mode in the I'-M
direction and second and fourth modes in the I'-K
direction are antisymmetric. The symmetric (even)
modes are represented by red dots while antisym-
metric (odd) modes are represented by red open dots.
When two modes are intersecting at the high-
symmetry points, mode crossing occurs. The two
modes intersecting at a symmetry point have a differ-
ent sign of group velocities. One of the modes is
symmetric and the other is antisymmetric. The
symmetric input field can only couple with symmet-
ric modes. The uncoupled modes lead to low
transmission [50].
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Fig. 14. (a) Transmission spectra are calculated for five layers

of triangular lattice structure in the I'"M and I'-K directions.
(b) Photonic band structure of a triangular lattice of metallic rods
in TM mode. The rod radius is r = 0.2a, where ¢ = 50 pm. Shaded
areas represent common photonic band gaps in any crystal
direction for TM mode.
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Fig. 15. Photonic band gap map of metallic photonic crystal

structure in (a) square lattice pattern and (b) triangular lattice
pattern.

The photonic band structure and the transmission
spectra figures match, positions of the dips and
peaks of the transmission spectra can be followed
from the dispersion diagram in Fig. 14(b). In both
the I'-M and T'-K directions, the first band gap
ranges between 0 and 3.764 THz with a transmis-
sion as low as —175 dB. The frequency ranges where
there is a wave transmission correspond to the pass
bands of triangular lattice structure for the given
direction. In the I'-M direction, the first pass band
is between 3.764 and 4.507 THz. The second band
gap is between 4.507 and 5.311 THz. There are also
two other small band gaps between 7.019-
7.253 THz and 8.594-9.313 THz. In the range be-
tween 7.253 and 7.415 THz, the low transmission
is due to the different symmetry of the modes in-
volved. In the I'-K direction, the first pass band is be-
tween 3.764 and 4.901 THz. Even though modes
appear in the 4.901-7.019 THz and 7.157-9.288 THz
ranges, there are dips in transmission spectrum
since input field cannot couple with these antisym-
metric modes in the I'-K direction. The peak between
7.019 and 7.157 THz in the transmission figure cor-
responds to the small pass band in the dispersion
figure.

The photonic band gap map of the 2D metallic pho-
tonic crystals is obtained for various values of rod
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radii r/a by calculating the corresponding transmis-
sion spectrum instead of computation of the band
structure as usually done. The contour maps seen
in Figs. 15(a) and 15(b) show the band gap maps ob-
tained through transmission spectra for square lat-
tice along the I'-X direction and triangular lattice
along the I'-M direction, respectively, by varying
the radii from 0.1ato 0.49a. The color scales on the
right-hand side of the each figure show transmission
levels in dB while frequencies are shown on the y
axis of the contour figures. The band gap maps in
Figs. 15(a) and 15(b) show good agreement with
the band gap maps studied previously [51]. As can
be seen from these figures, for larger rod sizes, trans-
mission through metallic structure is very low due to
high reflection from the structure. In both square
and triangular lattice for r/a ratio over 0.4, the struc-
tures are reflective for whole THz frequency range
where transmission is lower than -120 dB. Using
these metallic structures, high-reflectivity walls can
be built at THz frequencies.

4. Conclusion

In summary, FEM was employed to investigate
THz transmission and dispersion characteristics of
2D metallic photonic crystals arranged in square
and triangular lattice patterns for TE and TM modes
in great detail. In the calculations, material
dispersion and frequency dependency were taken
into account. The modal field symmetry characteris-
tics have also been discussed. A FEM model was set
up to calculate band gap diagram of metallic photonic
crystals for both square and triangular lattice arrays.

A strong correlation is found between the key fea-
tures, i.e., positions of the dips and peaks of a trans-
mission spectra and the corresponding photonic band
structure. The comparison showed a qualitative con-
sistency between the band gap diagram results and
the transmission spectra. The position and width of
the photonic band gaps is well reproduced in trans-
mission spectra, but the photonic band gap analysis
helps in understanding the location and the origin of
the dip in the spectra.
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