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Photonic Crystal Narrow Band Filters Using Biperiodic Structures
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Department of Electrical Engineering, K. N. Toosi University of Technology, Tehran, Iran

Abstract: In this study, we propose a new type of photonic crystal band-pass and band-stop filter based on
biperiodic structure. Usually two types of photonic crystal band-pass filters are utilized in optical circuit. In the
first one Fabry-Perot cavities are used while in the second one cavity-coupled waveguide are used. We optimize
the second structure in this study. Then we show that by little changing in the band-pass structure, a band-
stop filter is attained. Using Finite-Difference Time-Domain (FDTD) method we achieve output efficiency over
98% for band-pass filter and below 3% for band-stop filter. Also we investigate filter tunability parameters
which affecting central frequency of these filters. Further analysis shows that the central frequency of
transmission band (stop band) can be changed by altering the refractive index of bigger rods in biperiodic

structure.
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INTRODUCTION

Photonic Crystal (PC) structures are periodically
pattemed materials with a strong dielectric contrast.
These structures  forbid  electromagnetic  waves
propegation within a frequency range, which 1s known as
photonic band gap. Because of these features, optical
devices based on photonic crystal are considered for
using 1n integrated photonic circuits. Various kinds of
Photonic Crystal (PC) devices such as PC waveguides
(Mekis et al, 1996) and filters (Park et «l., 2003,
Costa ef al., 2003; Fan et al., 1998), have been studied so
far due to their compactness and potential applications in
photonic integrated circuits and all-optical communication
networks.

Among various devices based on PCS, optical filters
are key components receiving great consideration
because they can act as a demultiplexer to select a
particular channel or multiple chamels in Dense
Wavelength-Division-Multiplexed (DWDM)  optical
commurnication systems (Chao ef af., 2007; Soltani ef al.,
2004, Costa et al., 2003; Fan ef al., 1998). One kind of
photonic crystal band-pass  filters was proposed by
R. Costa using PC-based Fabry-Perot (F-P) cavities
(Costa et al., 2003). The partial reflecting mirrors of the F-P
cavities are implemented by inserting appropriate defects
into a two-dimensional (2-I)) PC waveguide. In this kind
of filters, reflectivity, phase and group optical lengths of
the PC-based F-P cavities should be carefully designed to
determine the resonance frequency and the bandwidth.
Furthermore, the relative location of the mserted F-P

cavities with respect to the lattice of the background 2-D
PC should also be carefully designed to improve the filter
performance and it makes an effective design more
difficult to achieve.

Another kind of band-pass filters based on cavity-
coupled waveguide has been investigated in earlier
studies (Park et al., 2005, Mekis ef al., 1996). In this type
of filters, because of incorporation of the waveguide with
the cavity; normalized transmission of the filter 13 reduced,
therefore this kind of filters does not have acceptable
efficiency.

In this study, we suggest a new structure to obtain
a new type of band-pass (stop) filters. This structure
containg two different periods of rods (biperiodic
structure).

NUMERICAL ANALYSIS

There are many methods for analysis of photomc
crystals, including Plane-Wave Expansion (PWE) method,
exact Green's function method, transfer matrix method
and the Finite Difference Time-Domain (FDTD) method
(Taflove, 2005). In our analysis, the Finite Difference Time
Domam (FDTD) method is used to calculate the spectrum
of the power transmission in MATLAB (during 30000 time
step, 45 min running time). The FDTD mesh size and
time step used in this study are: dx = dy = a/21 and
dt = dx/(2*¢), where, ¢ 1s speed of light in free space and
a is lattice constant. A Berenger’s Perfectly Matched
Layer (PML) 1s located around the whole structure as
absorbing boundary condition.

Corresponding Author:

M. Djavid, Department of Electrical Engineering, K.N. Toosi University of Technology Seyedkhandan,

Dr. Shanati Ave, P.O. Box 16315-1355, Tehran, Iran
Tel: +98 21 88462174-7 Fax: +98 21 88462066
1891



J. Applied Scr., 8 (16): 1891-1897, 2008

The polarization of the incident wave can be TEz
(H polarization), where the E-field is in a plane normal
to the infinite axis of the dielectric rods or TMz
(E polarization), which E-fieldis parallel to the axiz of rods.
The polarization of the input signal in our simulation is
TM. It is assumed that the material is linear, isotropic and
lossless; therefore, the Maxwell’s equations have the
following form:
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where, E and H are the electric and magnetic field
intensity, respectively and £ iz the position dependent
permittivity of the material. Using the Yee’s algorithm, for
TMz we can write:
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The power transmission spectra are computed by
taking the Fast Fourier Transform (FFT) of the fields that
are calculated by FDTD and integrating the pointing
vector over the cells of the output ports. The computer
used in this simulation is P4 3.00 GHz and has 4 GB of
RAM.

DESIGN OF NARROW BAND-PASS
FILTER STRUCTURE

In the first scheme, two cavity-coupled structures are
located in both side of an ordinary PC waveguide. This
new structure is named biperiodic structure. A typical
cavity-coupled waveguide and a biperiodic waveguide are
shown in Fig. 1a-b.

First, we conszider biperiodic photonic crystal as
depicted in Fig. 1¢ which its structure contains two
different lattice constants. In order to have such structure
we perturb the period of the two rows next to the
waveguide by infroducing a new periodicity, a', in these
two rows, ag shown in Fig. 1¢. The new structure iz named
as the a' structure and regions with periodicity of a is
named as the a structure.

Structures with two, three and nine periods of a'
structure are depicted in Fig. 2. These structures act as
narrow band-pass filters. It is obvious that transmission
amplitude of filter increases by increasing the number of
periods in a' structure. Based on our simulations, a
biperiodic structure which iz shown in Fig. 2e has
acceptable normalized transmission. In this structure,
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Fig. 1: (a) Typical cavity-coupled waveguide, (b) Biperiodic waveguide and (¢) Typical and biperiodic rows of photonic

crystal
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Fig. 2: Filter structure with: (a) two perieds, (¢) three perieds and (e) biperiodic photonic crystal; Optical power
transmission characteristics of (b) two periods filter, (d) three periods filter and (f) biperiodic filter

normalized transmission is above 98% and fractional In biperiodic structure, it seems that the main module
bandwidth (Af/fy) is about 0.005. Two ports of the filter are  which is shown in Fig. 2a, acts as super cavity. When this
labeled A and B as shown in Fig. 2a. super cavity is put in the waveguide, only frequencies
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Fig 3 Optical power transmission characteristics
of biperiodic structure at: gy = 12, F, = 0.352;
6, =1225 F, =035 e,=125 A, =0347¢

that match super cavities resonant frequency 15 passed
through waveguide while others are reflected. Based on
our sitmilations using array of these super cavities,
optitnize the output transmission efficiency.

The structure used in this section 15 2D rectangular
lattice of dielectric columns in air host The dielectric
constant of rods 15 12.25 and the radit of the rods are
18 5% of the lattice constant The selected photonic
crystal structure has a band gap for TM modes, the band
gap associated with this structure varies in the range of
normalized frequency, F1=03103t0 F, =04252 for Tz
polarization.

Band-pass filter tunability: One of the most irmportant
features of any filter 15 to be tunable. Here we inv estigate
the effect of changing bigger rod's dielectric constant.
This structure is simulated for three different dieleciric
constants e, =12, 12.25 and 12.5 Thepower transmission
spectra for these values are depicted in Fig. 3. These
dielectric constants lead us to achieve following central
normalized frequency of the filter, F;=0.352, F, = 0.35 and
F; = 0.3479, respectwely. It 15 cbvious that by ratsing
dielectric  constant, frequency of the filter
decreases. Let's think these dielectric rods are made of an
electro-optical material so we can change the dielectric
constant of the structure With localized change 1
dielectric constant of these rods, the central frequency of
the filter can betuned

The results of tirme domain sirmulation after 30000 time
step are depicted in the following figure. Figure 4 shows
electric field intensity of the band-pass filter at Ca) stop
normalized frequency of Fy=0.36 and (b) pass normmalized
frequency of F, = 0.352.

central

(b}

Fig 4 Electric field intensity of band-pass filter at (a)
F,=036and (b)F,=0352

DESIGN OF NARROW BAND-STOF
FILTER STRUCTURE

It we increase the distance between a' structure and
wavegnide, a narrow band-stop filter will be achieved.
Thiz 15 because unlike previous filter that super cavities
transfer input signal through cutput port, mn this structure
due to distance between a' structure and waveguide,
super cavities are destroyed and the bigger rods perform
as array of typical cavities with same resonant frequency.
These cavities reflect the input signal that match their
resonant frequency and allow going out other non
resonant frequencies, Quality factor of filter increases as
the distance between cavities and waveguide increases
tadibl ef al, 2000, Villensuve ef al, 1996 In our
sirmulations, this distance 15 two lattices constant In this
case a' structure acts as a cavities that reflect the central
frequency of the filter as shown in Fig. Sa.
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Fig. 5: (a) Filter structure with biperiodic photonic crystal,
(b) Optical power transmission characteristics of
biperiodic structure

In similar way, this biperiodic structure has
acceptable normalized spectra. In biperiodic structure,
normalized transmission is 3% and fractional bandwidth
(Aff)) is about 0.008 as shown in Fig. 5b. The dielectric
constant of the ordinary rods and the bigger rods are
12.25 and 6.6, respectively.

Band-stop filter tunability: Here, we investigate the effect
of changing bigger rods’ dielectric constant on central
frequency of the filter in the new structure. Three different
curves are depicted in Fig. 6 for g, = 6.55, 6.6 and 6.65.
These dielectric constants lead us to obtain following
central normalized frequencies, F,=0.4324, F,=0.4316 and
F,=0.4303, respectively. As shown in this figure, central
frequency of the filter increases as dielectric constant
decreases.

Finally, the results of time domain simulation after
30000 time step are depicted. The Fig. 7 shows electric
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Fig. 6: Optical power transmission characteristics
of biperiodic photonic crystal at: g, = 6.55,
F, = 04324; g, = 66, F, = 04316, g; = 6.65,
F,=04303

(@)

®)

Fig. 7: Electric field intensity of band-stop filter at (a)
F,=0425and (b) F,=04316

field intensity of band-stop filter at (a) pass normalized
frequency, F, = 0.425 and (b) stop normalized frequency,
F,=04316.
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CREATING DIFFERENT REFRACTIVE
INDEXES IN REALITY

We can create the different refractive indexes in
reality by using nonlinear material, thermo-optic matenal,
electro-optic material and Selective Modification of
Defect's Dielectric Constant method. In nonlinear material,
an intense light resonating in one resonant mode can
change the refractive index of the resonator. We can use
the Thermo-Optic (TO) effect caused by Two-Photon
Absorption (TPA) in Si to control the resonator’s
refractive index through the heat generated by optically
produced carriers. In last method, Figure 8 shows a 2D
photonic crystal cavity in which dielectric constant of the
cavity has been locally modified.

Several experimental techniques have been
developed to locally modify the dielectric constant
of semiconductor materials. In the case of III-V
semiconductors, Quantum Well Intermixing can be used
for this purpose. This method commonly uses a Si0, layer
to promote the out diffusion of Gallium (Ga), creating and
diffusing vacancies during a thermal annealing process.
This can also be applied to the InP material system with
the use of an InGaAs cap on which the Si0Q, layer is
deposited. The initial steps of fabrication process steps
are shown in Fig. 9.

Typical changes in refractive index induced by
quantum well intermixing are of about 10%, for example
the dielectric constant of the material could be reduced
from 11.56 to 11 only (Alvarado-Rodriguez, 2003).

Another alternative to locally changing the dielectric
constant of a photonic crystal cavity is to switch to the
Silicon-On-Ingulator (SOT) material system. Indeed, SOI
has recently been used to produce photonic integrated
circuits. In SOL there is a method called Separation by Ion
Implantation of Oxygen (SIMOX). In this technique, ions
of Oxygen are implanted onto a silicon substrate and
810, 18 formed by thermally annealing. By masking the

Fig. 8: Photonic crystal defect cavity with modified
dielectric constant (Alvarado-Rodriguez, 2003)

substrate accordingly, isolated regions of oxide can be
formed. Figure 10 depicts the initial process steps
followed in SIMOX.

®)

Fig. 9: Quantum-Well intermixing process (a) A Si0, film
is patterned on top of an InGaAsP/InP multiple
quantum well structure. The wafer 1s then
thermally annealed and (b) The Si0O, film is
removed. The dielectric constant of the structure
is locally modified (Alvarado-Rodriguez, 2003)

1

== | |

®)

Fig. 10: The SIMOX process (a) Oxygen ions are
implanted on a masked SOT wafer and (b) The
mask is removed and the wafer is thermally
annealed. Si0, is formed in the exposed regions
(Alvarado-Rodriguez, 2003)
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For example with this method, it is possible to
reduce the dielectric constant from 11.56 to 2.56, closer to
what 13 theoretically required. Furthermore, the use of
silicon as a material system can take advantage of the
well-developed industry expertise and technology
(Alvarado-Rodriguez, 2003).

CONCLUSION

In this study, we proposed new narrow band filters
based on biperiodic photonic crystal. Our designed
structure have acceptable narrow bandwidth and
normalized transmission spectra for the band-pass and
band-stop filters are respectively over 98% and below 3%
at central frequency of the filters. We discussed about the
tunability of these band-pass and band-stop filters, which
1s achieved by altering the refractive mdex of bigger rods
1n biperiodic structure. This leads us to change the central
frequency of the filters. Finally, we argued about creating
the different refractive indexes in reality.
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