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Abstract

We analyze the band gap properties of two-dimensional photonic crystals created by square and triangular lattices of
rods, considering that the rods are formed of a dielectric core surrounded by an interfacial layer of anisotropic tellurium.
Using the plane wave analysis, we study the modification of the band gap spectrum when the rods are infiltrated with
different dielectric core and discuss the optimization strategies leading to the maximum value of the absolute band gap.
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1. Introduction

In recent years, photonic band gap (PBGQG)
materials, called photonic crystals, have attracted
great interest as it can be an efficient control of the
electromagnetic (EM) radiation and can affect the
properties of photons in much the same way as
semiconductors affect the properties of electrons
[1,2]. One of the major features of the photonic
crystals is their ability to prevent the propagation of
light in some frequency regions due to the existence
of absolute PBGs in the transmission spectrum.

Unlike the most potential applications of the
three-dimensional photonic crystals, two-dimen-

*Corresponding author. Tel.: +984113393027;
fax: +984113347050.
E-mail addresses: b_rezaei@tabrizu.ac.ir,
rezaeibhr@yahoo.com (B. Rezaei).

1369-8001/§ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.mssp.2007.10.001

sional ones are easier to fabricate, especially for
the technologically important near-infrared or
visible spectrum. Much attention has, therefore,
been paid to two-dimensional photonic crystals.
Since the PBG is the major feature of a PBG
structure, it is essential to design a structure that
possesses a forbidden gap as large as possible. So
many attempts, such as symmetry reduction [3] and
anisotropy in dielectricity [4], have been made to
enlarge the PBG in two-dimensional photonic
crystals.

To our knowledge, only a few investigations have
been made to demonstrate how the existence of an
interfacial (or cladding) layer affects the values and
properties of photonic gaps [5-7]. In fact, such
interfacial layers can appear around holes in macro-
porous silicon after etching and they can strongly
influence the properties of band gap spectrum [6]. In
addition, it has been reported that the use of
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tellurium hollow rods [7] may have a dramatic effect
on the absolute band gap due to the properties of
the photonic crystals fabricated from anisotropic
materials.

More recently, the interest in the study of the
properties of complex photonic crystals with inter-
facial layers has been enhanced by the effort to
model the void-based photonic crystals created by a
femtosecond laser-driven micro-explosion method
where a change in the refractive index in the region
surrounding the void dots that form the bcc
structures is verified experimentally [8]. In addition,
the recently suggested class of the so-called annular
photonic crystals [9], where dieclectric rods are
embedded into air holes of larger radius, fit the
same category of complex structures where the air
space can be regarded as an additional interfacial
layer.

In this paper, we analyze the band gap spectra of
two-dimensional anisotropic photonic crystals cre-
ated by square and triangular lattices of hollow
anisotropic tellurium rods and study the properties
of the absolute PBG when the hollow rods are filled
by another material.

2. Lattice description and numerical method

To determine absolute PBGs in periodic dielectric
structures, we study the propagation of light from
Maxwell’s equations. In inhomogeneous dielectric
materials, the Maxwell’s equation for the magnetic
field yields [10-13]
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where w is the frequency of light and c¢ is the light
velocity. The dielectric constant &(7) is a periodic
function of 7 in x—y plane and satisfies the con-
dition &7+ R) = &), R denotes real space lattice
vectors. Since &(F) is periodic, we can use Bloch’s
theorem to expand the H(¥) as the sum of plane
waves:
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where k is a wave vector in the first Brillouin
zone and G is a two-dimensional reciprocal lattice
vector, ¢,(A=1,2) are orthogonal unit vectors
perpendicular to k+G. So, Eq. (1) is expressed
as a linear matrix equation for the dispersion of

EM waves:
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where n(é) is the Fourier transform of the inverse of
&(r), and it plays a key role in determination of
photonic band structure. We study a periodic array
of dielectric rods with the property that their
extension direction is parallel to the z-axis and the
intersection of these rods with the x—y plane forms a
two-dimensional periodic dielectric structure. In this
case, the Fourier coefficients are given by

0= [ &0 )
Q cell

Here we designate the surface of unit cell by . In a
two-dimensional photonic crystal k + G is in the
x—y plane for all G so we can choose all é; and é;
vectors parallel to the z direction and in the x—y
plane, respectively. In this case, é, - &} = &, - &, = 0.

For light incident perpendicular to the rod axis,
the matrix Eq. (4) decouple into two scalar
problems, corresponding to two polarizations. In
the case of E-polarization (E(7) is parallel to the rod
axis), hg, = 0 for all G and we have
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For the H-polarization (H() is in the rod axis),
hg, =0 for all G and the eigenvalue equation
becomes

w2
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The structures under consideration and the
corresponding first Brillouin zones are shown in
Fig. 1. We have considered (a) square and (b)
triangular structures of circular shape rods with
dielectric constant ¢, of inner rod and anisotropic
outer shell, embedded periodically in a background
of dielectric constant &,. The anisotropic outer shell
layer has two different principle refractive indices as
ordinary-refractive index n, and extraordinary
refractive index n,.
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Fig. 1. Schematic diagrams of studied structures: (a) square and (b) triangular lattices of rods covered by anisotropic tellurium interfacial

layer and the corresponding first Brillouin zones.

We assume that the extraordinary axis is parallel
to the z-axis. In this configuration, the eigen
equations for the E- and H-polarization modes are
the same as those for the isotropic photonic crystals,
except that the dielectric indices of anisotropic outer
shell are n. and n, for E- and H-polarizations,
respectively. The corresponding dielectric constant
is expressed as
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where ¢ = n? and &, = n2, P,oq and Pgney describe
the probability of finding the inner rod and shell,
respectively and can be expressed as

]a ? € Rr0d>
Prod(?) = 0 7¢ R
> rod»
I, 7€ Rshens
Pshell(ﬂ = 0 7¢R (9)
P shell -

where R;o,q and Rgne are the regions in the x—y
plane defined by the cross section of the inner
rod and outer shell, respectively. The Fourier
coefficients of ¢ !(¥) according to Eq. (5) can be

written as
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where J;(x) is the Bessel function of the first kind. p,
and p, are the radius of the inner rod and the outer
radius of the shell layer, respectively.

3. Results and discussion

For this study, two-dimensional square and
triangular photonic crystal of circular rods consist-
ing of an inner rod with diclectric constant &,
and anisotropic outer shell aligned in a uniform
background with dielectric constant &, has been
considered.

The band structure of two-dimensional photonic
crystal is obtained numerically by solving Egs. (6)
and (7). A total of 441 plane waves were used for
both structures in these calculations, which ensures
sufficient convergence for the frequencies of interest.
Our main goal here is to study the modification of
the band gap spectrum and the value of the absolute
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band gap when the thickness of outer shell
(interfacial layer) varies, as well as when the rods
are infiltrated with other materials (dielectric core).

We have chosen tellurium (Te) as the anisotropic
interfacial layer, which has a positive uniaxial
crystal with principle indices of n.=6.2 and
n, = 4.8. The dielectric constant of background is
&, = 1. In these structures three geometrical para-
meters p;, p,, and ¢ are treated as adjustable
parameters to obtain the maximum absolute PBG.

We begin our discussion with the square structure
(Fig. 1(a)). First, we consider the case when there is
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Fig. 2. Photonic band spectrum of square lattice of tellurium
rods in air background for E-(solid) and H-(dashed) polarization
modes at optimum value of p, = 0.36a.
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no core dielectric constant (solid tellurium rods), i.e.
p1 = 0. Fig. 2 shows the photonic band structure for
optimum value of p, = 0.36a, the lattice constant
being a. This frequency spectrum displays two
absolute PBGs and a relatively large one at lower
frequency. The large absolute band gap lies between
0.2256 and 0.2648 frequencies in units of 2nc/a with
maximum normalized width Aw = 0.0392(27c¢/a).

At next step, the inner spaces of rods are filled
with other materials. In this case, for a given value
of g, the inner rod radius p; is optimized to obtain
the maximum absolute PBG at fixed optimum value
of p, =0.36a. So, we study how the filling of
tellurium rods with different dielectric constants
may change the size and position of the maximum
absolute PBG. Fig. 3 shows the variation of
absolute PBG size at optimum value of p, = 0.36a
when the inner rod radius, p;, ranges from 0 to
0.27a and the dielectric core, ¢, ranges from 1 to 22.
We can see from Fig. 3 that absolute PBG reaches
its maximum value at optimum inner rod radius
p1 = 0.22a when the dielectric core is ¢, = 16.5. The
photonic band structure of this case is shown in
Fig. 4. It can be seen that the large absolute PBG
size is Aw = 0.0434(2nc/a) and lies between 0.2356
and 0.279 frequency regions in units of 2nc/a.

For a comprehensive investigation, we have also
done such calculations for different tellurium radius
(p>). After extensive calculations, we have found
that the optimal parameters for the largest absolute

Fig. 3. Variation of absolute band gap size at optimum value of external radius p, = 0.36a for square lattice when the internal radius and
the dielectric core range from 0 to 0.27a and from 1 to 22, respectively.
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Fig. 4. Photonic band spectrum of square lattice of rods
with anisotropic tellurium interfacial layer for FE-(solid) and
H-(dashed) polarization modes. The optimum values of para-
meters are ¢ = 16.5, p; = 0.22a and p, = 0.36a.

PBG are p; = 0.18a, p» = 0.3a, and ¢. = 1 (i.e. the
hollow Te rods). The photonic band structure for
these geometrical parameters is displayed in Fig. 5,
for which the absolute PBG reaches its maximum
normalized width of Aw = 0.0481(27nc/a) and lies
between 0.3149 and 0.363 frequencies in units of
2nc/a.

Also, the band structure of hollow isotropic
dielectric rods with an average refractive index of
Nay = (ne + 2n,)/3 = 5.26 for both polarization
modes at the same optimal parameters, i.e. p; =
0.18a, p» = 0.3a, and ¢, = 1 is shown in Fig. 6. This
frequency spectrum shows several band gaps for the
E-polarization mode (solid) and a band gap for
H-polarization mode (dashed), but they do not
overlap with each other to create an absolute PBG.
However, the case can be changed by choosing
different refractive index constants for the E- and
H-polarization modes. This will enable the optimal
overlapping of band gaps to obtain an absolute
PBG. Since anisotropic materials have two kinds
of different dielectric constants for the E- and
H-polarization modes, we can obtain the largest
absolute PBG by matching the relative positions of
band gaps for the two polarization modes [4]. This
can be clearly seen from Fig. 5, which shows that
because of the properties of anisotropic material,
the H 1-2 band gap (i.e. the gap between the first
and second photonic bands) moves upwards and
overlaps with the E 3—4 band gap, thus a complete
PBG is opened. Our results show that the gap
behavior is governed by the dielectric core and
anisotropy in dielectricity. By optimizing the inter-
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Fig. 5. Photonic band spectrum of square lattice of rods
with anisotropic tellurium interfacial layer for E-(solid) and
H-(dashed) polarization modes at optimal parameters & = 1,
p1=0.18a and p, = 0.3a.
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Fig. 6. Photonic band spectrum of square lattice of rods with
isotropic interfacial layer for E-(solid) and H-(dashed) polariza-
tion modes. The refractive index for isotropic layer is n,, = 5.26
and optimal parameters are ¢, = 1, p; = 0.184 and p, = 0.3a.

nal rod and dielectric core for several values of
tellurium radius, we have found a large absolute
PBG for two-dimensional square lattice of rods
covered by anisotropic cladding layer. Obviously,
compared with the case of solid tellurium rods, the
size of the large absolute PBG has been increased
and shifted to higher frequencies a little.

Tellurium is a kind of positive uniaxial crystal
with unusually large principle indices n. = 6.2 and
n,=4.8 in the infrared wavelength regime.
Although it is a semiconductor material, its free
carrier absorption is quite weak in the infrared
regime. Taking into account the fabrication limits,
the large absolute PBG for this structure is centered
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at wa/2nc = 0.3389 for p; =0.18a and p, = 0.3a.
In the infrared wavelength range, it is possible to
center the PBG at 4 = 1.6 um, which is an important
wavelength in optical communication, by realizing
the square lattice of hollow tellurium rods of p;, =
0.1pm and p, =0.16 um separated by a distance
a = 0.54 um.

Now, we concentrate on the triangular lattice
consisting of rods covered with anisotropic tell-
urium interfacial layer (Fig. 1(b)). In the case of
solid tellurium rods (p; = 0), the dispersion relation
for triangular structure of tellurium rods in air
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Fig. 7. Photonic band spectrum of triangular lattice of tellurium
rods in air background for E-(solid) and H-(dashed) polarization
modes at optimum value of p, = 0.355a.
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background (e, = 1) has been shown in Fig. 7 for
optimum value of p, =0.3554. This frequency
spectrum displays an absolute PBG with maximum
normalized width of Aw = 0.047(2nc¢/a) and lies
between 0.2279 and 0.2749 frequencies in units
of 2nc/a.

Next, similar to the pervious case, we study the
evolution of absolute PBG at optimum value of
external radius (p, = 0.3554) when the tellurium
rods are infiltrated with another material. Fig. 8
displays the variation of absolute band gap size
when the internal radius, p;, ranges from 0 to 0.27a
and the dielectric core, ¢, ranges from 1 to 22. It can
be seen that the absolute PBG size has the largest
value Aw = 0.0542(2nc/a) at optimum internal
radius p; = 0.2a when the dielectric core ¢ = 13.
Fig. 9 plots the dispersion relation for this case. We
can see that the absolute PBG lies between 0.239
and 0.2932 frequencies in units of 2nc/a. The same
calculations have been done for other values of
tellurium radius. Extensive investigations show that
the maximum absolute PBG is obtained for
triangular lattice with optimal geometrical para-
meters p; = 0.2a, p, = 0.3a, and ¢, = 2. In Fig. 10
we plot the dispersion relation for this case, which
shows an absolute PBG with maximum normalized
width Aw = 0.0668(2nc/a) between 0.3286 and
0.3954 frequencies in units of 2nc/a. Compared to
the case of solid tellurium rods the size of absolute
PBG has been increased and its position has been
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Fig. 8. Variation of absolute band gap size at optimum value of external radius p, = 0.355a for triangular lattice when the internal radius
and the dielectric core range from 0 to 0.274 and from 1 to 22, respectively.
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Fig. 9. Photonic band spectrum of triangular lattice of rods
with anisotropic tellurium interfacial layer for FE-(solid) and
H-(dashed) polarization modes. The optimum values of para-
meters are & = 13, p; = 0.2a and p, = 0.355a.
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Fig. 10. Photonic band spectrum of triangular lattice of
rods with anisotropic tellurium interfacial layer for E-(solid)
and H-(dashed) polarization modes at optimal parameters &, = 2,
p1 =0.2a and p, = 0.3a.

shifted to higher frequencies. The mid-gap fre-
quency is wa/2nc = 0.362 and can be matched to
A=1.6pum when a=0.58pum, p; =0.12pm, and
Py = 0.17 um.

In Fig. 11 we also plot the dispersion relation for
triangular lattice of isotropic material with an
average refractive index m,y =5.26 at optimal
parameters p, = 0.2a, p, = 0.3a, and ¢ = 2. From
this figure one sees that a complete band gap does
not exist in this case. Similar to the square lattice, an
optimal absolute band gap can be obtained by
matching the relative position of the H 1-2 band
gap with the E 3-4 band gap by introducing the
anisotropy in the dielectric of shell layer (Fig. 10).

0.6 ~— 7
== 7
e )
05 S|
. a0
- ”’ \
_/—_
——— | N

o
N
T
H
1
1
[
1
3
(Y
kY
\
[\
s
’
7

Frequency (wa/2nc)
o
P w

-
———————

,,l N, \\
02 /I . — \\
7 Ay
’ \
7 hY
I, \\
o 1 II \‘
. 4 AY
/ Y
’ Ay
’ \
/ ‘\
/, )
0
r X M r

Fig. 11. Photonic band spectrum of triangular lattice of rods
with isotropic interfacial layer for E-(solid) and H-(dashed)
polarization modes. The refractive index for isotropic layer is
N,y = 5.26 and optimal parameters are & =2, p; =0.2a and
P2 = 0.3a.

The main result is that for triangular lattice of
rods surrounded by anisotropic shell layer, the value
and properties of absolute PBG are strongly
affected by core dielectric constants and properties
of anisotropic materials. The greatest absolute PBG
has been obtained for this structure by optimizing
the inner and external rod radius for different values
of dielectric core.

4. Conclusion

We analyze the band gap properties of two-
dimensional photonic crystals created by square and
triangular lattices of rods, considering that the rods
are formed of a diclectric core surrounded by an
interfacial layer of anisotropic tellurium. Using the
plane wave analysis, we have studied different
aspects of the modification of the band gap
spectrum when the rods are infiltrated with different
dielectric core. We have discussed and demonstrated
several optimization strategies leading to the max-
imum value of the absolute band gap in such
anisotropic photonic crystals.
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