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Abstract

Photonic crystals are nanometric structures which are composed of periodic elements of diflerent permittivity i two or
three dimensions. The periodic variation of the refractive index prevents the propagation of electromagnetic waves of
certain frequencies. This implies the existence of photonic band corresponding to the frequency band in which the radiation
cannot propagate. Their guide mechanism 1s completely different from that existing i conventional waveguides, since It Is
not the total reflection due to the difference in refractive indices which ensures the guiding, but the existence of a photonic
band gap. This property is based on the design and development of new components based on photonic crystals for
optoelectronics applications. In this paper, the parameters of structures, and the electromagnetic field propagation analyze,
are determined based on 2D photonic crystal. Several guiding structures two-dimensional photonic crystals (W1 wavegurde,
the photonic crystal (PhC)-based L-junction waveguide T-shaped and waveguide tersection) and their electromagnetic
fields distribution are optimized, using FDTD method (Finte Difference Time Domain) method and the software RSOFT
with its simulation modules BandSolve, Full WA VE.
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1. Introduction
2. Two-dimensional photonic crystal waveguides
Photonic crystals are the analog of semiconductors for

controlling photons. These dielectric materials have a
refractive index varies periodically according to the
different spatial directions and present photonic energy
bands for electromagnetic waves. They create now a new
materials class for optoelectronics and integrated optics.
Otherwise, in some domain of wavelength of the order of
the material period, the light cannot propagate in them
and will be reflected whatever its incidence. The concept
of photonic crystals has been proposed for the first ime in
1987 by Eli Yablonovitch and S. John [1, 2]. Rayleigh [3]
demonstrates that a periodic structure, Bragg mirror type,
can create a frequency band in which the electromagnetic
propagation is impossible for all incident angles and
polarizations, in one or more frequency bands. High
transmission unidirectional mirrors and waveguides with
low losses or original properties of light refraction, these
photonic crystals allow the control and manipulation of
light for optical telecommunications applications. Three-
dimensional photonic crystals, the only ones that provide a
photonic band gap whatever the direction of propagation
of the light wave in space, are especially difficult to
manufacture. However, two-dimensional photonic crystals
can be manufactured using techniques commonly used in
nano-optics. It is for this reason that this type of photonic
crystals has been the most studied until now, particularly in
guided optic.

Researchers have often concentrated on 2D structures
since the two-dimensional photonic crystals are excellent
mirrors in the photonic band gap and they can guide a
light signal and manipulation of waves optical. Two-
dimensional structures are periodic in two directions in
space, and endless following the third. 2D PhCs have two
types of configurations: rode-type-2D photonic crystals
(disconnected structure) are constructed by periodic arrays
of dielectric rods with a high refractive index embedded in
the background material with a low refractive index. The
hole-type photonic crystal (connected —structure) is
described by periodic arrays of cylindrical air holes pierced
in a background material with a high refractive index
(Fig.1). This structure has relatively simple geometry that
facilitates the theoretical and experimental studies.

Dielectric matrix

Dielectric rods

Figure 1. Two-dimensional periodic structure: rods-
type-2D and hole-type-2D photonic crystal
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Guiding and confining light using waveguides are two
fundamental optical functions that enable a range of all-
optical devices to be created. A structure that has recently
attracted a lot of attention 1s photonic waveguide of two-
dimensional. Photonic waveguides are used in many other
devices such as waveguide laser, junctions, waveguides can
also be employed for splitting and combining light beams
(integrated the
generation, silicon waveguides in electric circuit may be

optical interferometers). In future
used for fast optical data transmission. The think of using
crystals to guide light was
[3]. Mekis et al. [4] have

developed the theoretical foundation of understanding 90

line defects in photonic
proposed by Meade et al.

bends in the 2D photonic crystals.
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Figure 2. Structure of a two-dimensional photonic crystal
(PC) waveguide disconnected.

Two-dimensional PCs waveguides are obtained by
creating a line defect in a two-dimensional crystal. Among
these effects, modes having a frequency within the
photonic band gap may exist. This linearity of defects can
guide the propagation of light in a chosen direction. A
photon will remain confined in the guide if its energy is
located within the band gap. The guidance process in these
waveguides 1s based on the existence of an omnidirectional
band gap in the plane and the guide is modulated in the
propagation direction. This results in special properties
such as the existence of mini band gaps due to this
modulation or the appearance of guide modes with low
group velocity.

The study of guided modes in photonic crystal
waveguides 1s very important for understanding the

propagation of the electromagnetic wave, properties of

photonic band gap and the light signal transmission. For
this reason, that we based ourselves on numerical methods
effective for the modeling of these photonic structures.

3. Modeling methods

Modeling of photonic crystals properties, to calculate

the electromagnetic field and the band gap as a function of

the structure size, usually requires a large investment in
programming and analysis.  The main
calculation tool used to study our structures is Finite

numerical
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Difference Time Domain (FDTD). Simulation using
FDTD method is the most used technique in optical
system [5]. The first algorithm was proposed by Yee in
1966 [6].
Maxwell's equations [7]. The FDTD method decomposes

Many researchers use this method to solve

the space-time in a grid of elementary cells. For this, a
mesh of the real space 1s performed to truncated the fields
and calculate their derivatives. Fields are calculated in
transient state to establish the
performed by the Fourier transform. FDTD not only

spectrum  which 1s
allows the calculation of band diagrams but also used to

simulate the light propagation in photonic crystals

structures.

In the field calculation algorithm (Fig.3), perfectly
matched layers (PML) are used as absorbing boundary
conditions. PML layers are absorbs the total fields at the
edges of our structure and set the field values to zero. This
technique 1s based on reflection free truncation of the
computational domain. So, the typical value of the
thickness of the perfectly matched layers 1s 6 grid cells to
provide the reflection free truncation.

n iteration

Calculation of H, with function Hy,.1, E.1/0 ]

|

Calculation of E,.1, with function E,.1;, , H, ] n+1

Cancellation of the tangential components of
the fields on the PML layers

Figure 3. Fields calculation algorithm by FDTD

Absorption of the PML layers 1s introduced due to the

conductivity of our material, 1.e., the conductivity
different for different propagation directions,

electromagnetic field component 1s subdivide according to

so each

the following equations:
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Where pg and g; are the permittivity and permeability of
free space, respectively. &, is the relative permittivity of
the medium considered (gy&.=¢). oy, 0, and g, are
electric conductivities and oy, 0, and o0, are magnetic
conductivities within directions x, y and z, respectively.

These field components can be takes the following form:

E, = Exy +E,,
Ey, =Ey, tE), (2.a)
E,=E, + Ezy
H, = ny + ny
Hy = ny + Hyz (2.b)
H, =H,, + sz

In Transverse Magnetic (TM), the electromagnetic field
reduces to three components Hy,, H, and E, and in
Transverse Electric (TE), the electromagnetic field reduces
to E,, Ey and H,.

The computation area with perfectly matched layer of
a photonic crystal waveguide we consider is shown in
Figure.4 with PML regions A, B, and C (the four corner
regions). This figure shows the original photonic crystal
structure remains as is, and defined PC based PML
The PML

equation [8]:

parameters are defined by the following

1 _j422e (5)2 ln% ®)

Where
S;: are PML parameters according to 3 axes (S,
and S, =

A :1s the wavelength

S,,S,)

n : is the refractive index of the medium in the adjacent
computational domain
p : 1s the distance from the beginning of the PML

e : 1s the thickness of PMLs

R

mcident wave at the interface of the

:1s the theoretical reflection coefficient for the normal

PML and the

computational domain., in our structure equals to 10”
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Figure 4. The computation areas of perfectly matched
layer (PML)

4. Results and discussion

From an optical point of view, a photonic crystal is
characterized by its band gap. We calculated by modeling
technique FDTD with perfectly matched layers (PML) by
Matlab software, the 2D band structures of a square lattice
in  both polarization modes.
dispersion relation defines the electromagnetic wave
propagation in a two-dimensional photonic crystal is
described by a PBGs which relates the frequency of modes
or normalized frequency ma/2mc=a/A (axis y), to the wave-
vectors k=2m/a (axis x). Where A 1s the wavelength of lLight
in vacuum and a=1pm is the lattice period. The way made
by the wave vector when it describes the contour formed
by the high symmetry points I', X, M of the first Brillouin

zone.

Square latice (FDTD) (TE mode: epsa=11.56, epsh=1)

A band

structure, or

Square lattice (FDTD) (TM mode: epsa=11.56, epsh=1)

Normalized frequency (wa/2rc)

Normalized frequency (wa/2rc)

Figure 5. Band structure of a disconnected 2D square
lattice for both TE and TM polarizations

The PBGs of 2D-photonic crystals are calculated for
both polarization TM, in which the magnetic field is in the
(x,y) plane and the electric field is perpendicular z (parallel
to the rods), and polarization TE, in which the electric

field 1s in the plane.
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Figure.5 shows the band structure of a two-dimensional
photonic crystal of a disconnected square lattice composed
of dielectric rods (relative permittivity equals to 11.56) in
air with radius of the rod r/a =0.2 [9]. The band structures
i two polarizations modes should be superimposed to
form a total band gap. In this case the diagrams of this
structure reveal a large band gap for the TM polarization
in frequency range [0.2948-0.4393] oa/2mc, This
frequency domain corresponds to the range wavelengths
[2.27-3.29]um for the two directions I'X and I'M, and
get at the guided optics domain including 1.55um, contrary
to TE. mode where no band is observed.

Electric-field Ez distribution in 2D PCW 1
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Figure 6. Electric-field distribution in two-dimensional
photonic crystals waveguide (PCW1)

The two-dimensional photonic crystals waveguide use
extended defects for trapping light in photonic structures
and also guiding light. Thus, a linear defect is introduced
(removing a row of dielectric rods) into 2D photonic
crystal to guide light along the z direction. A sinusoidal
source adjusted on the defect and radiates at a frequency
belongs into the band gap cannot propagate in the rest of
the crystal.

Our photonic crystal waveguide structure (Fig.2) 1s
constituted by central horizontal line, which 1s removed to
form a waveguide which the light in z direction is guided
with the angular frequency ®= 0.36.

This lhnear defect in the periodic structure acts as
photonic crystals waveguide is called guide W1. It is shown
m Fig. 6 that for frequencies within the band gap of the
crystal, the light cannot propagate in (x, y) plane, and it is
confined by the index contrast in direction z. So, we
modelled this structure by the FDTD method, and
determined the distribution of the electric field E. for
several guiding structures based on a disconnected two-
dimensional photonic structure. The photonic crystal is
composed of a cylindrical dielectric rods lattice of silicon
(n=3.4) of periodicity a=lpm and we use a finite-size
structure (17x 17 rods in air) [10].

In this guide, the confinement is due to a photonic
band gap effect, this 1s an advantage compared to
conventional The electromagnetic  modes
mtroduced by the removing row are called defect modes.

guides.

It is a mode in which the frequency can be situated into
the band gap and 1s located around the defect site. From
this guide we can also achieve a curved guide [11].
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Figure 7. (a).Bend 90° structure, (b).Magnetic-field
distribution of waveguide bends 90° (L-shaped)
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Figure 8. (a).Optimized bend 90° structure, (b).Magnetic-
field distribution of waveguide bends 90° (L-shaped)
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The bend is composed of two arms forming between
them a 90° bend and the light cannot penetrate within the
photonic crystal; it is constrained to propagate along the
bend. Experiments in the wave guiding demonstrated a
transmission of about 809 for 90°-bend structures [12].

In 90° (L-shaped) bent photonic crystal waveguide
(Fig.8), the optimization was performed at corner with the
mirror (changed of the rod at the corner of bend) and the
only mode that exists at 1s the single-mode.
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Figure 9. Optimized waveguide structures and magnetic-
field distribution in the waveguides type T
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Our aim 1s to optimize such a bend waveguide to
reduce the bending losses as the wave 1s guided through
the bend and increases the transmission spectrum. Using
a finite-difference time-domain method, we have simulated
by Matlab software the various structures of waveguides
based on 2D photonic crystals.

Figure 9 shows the optimization of the magnetic field
distribution for photonic crystal waveguide consisting of a
square lattice of dielectric rods (e=11.4) in air and
normalized frequencies equal to 0.38. Waveguide types T
in a two-dimensional photonic crystal consist of one input
port only and two output port. So the figure 10 shows the
optimization of the magnetic field distribution for 2D
waveguide Intersection consists of one mput port only and
three outputs port.

In this optimization, we changed of the rod at three
corner of bend and it is seen that with this structure a
better optimization can also be obtained for improvement
of photonics structure and its transmission since light
cannot escape, light will propagate without any loss in the
waveguide [13].
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Figure 10. Optimized waveguide structure and magnetic-
field distribution in the waveguide intersection

The intersection 1s created by two orthogonally
crossing straight photonic crystal waveguides, for which the
band gap in the bulk material prevents any radiation losses
and allows the improvement of the quality factor. The
principle 1s to optimize the structure for guided the EM
wave propagation direction lossless.

The T-shaped photonic crystal junctions have an
important role in PC based nano-optic and the study of
future integrated photonic devices [14]. A photonic crystal
(PC)-based T-junction has been investigated during the
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past years, proposed for to expanded range of transmission
power [15]. Due to their important role in guided optical,
we demonstrated a new photonic crystal (PC)-based T-
Junction for control the flow of EM waves of power output
[16]. We proposed T-Shaped structure composed an
mput port only and two output ports. For this structure,
electromagnetic field has been analyzed with software
RSOFT wusing the impulse signal. The dimension
frequency is equal to a/A, where a = 664.8 nm is the lattice
constant of the rods and A is the wavelength of the
propagation equal to 1547 nm.

The band diagram is calculated for both
polarizations, TE in which the electric field is in the plane
(x, y), and the magnetic field is perpendicular of z (parallel
to the rods) and TM, in which the magnetic field is in the
plane and the electric field 1s perpendicular z axis. The
normalized frequency is plotted along the high symmetry
point’s ['XMI of irreducible Brillouin zone. The
frequency game obtained from the band diagram of square
PC lattice in figure.11 is [0.3052-0.4408] a/A. So, this
frequency domain corresponds in optic guided including

1550nm.
TE/TM Band Structure

12 eea,
+: 4 ..).:.:..::.‘.,.o\
—_ {:1'&: T LRI
Il I SR RS
‘l-__] 0.8 L -3--.__:-0
[ B . 8.
E S G ot
06 4 b e
E‘ e, - -
g ] "e o:
g 04
Lt *
02ttt
1.8
e
0.0 +
Figure 11. Band diagram for a PC a square lattice of GaAs
rods

A schematic structure of a photonic crystal T-Shaped
1s shown 1n figure.12, which 1s formed of a two waveguides
L-Shaped m a 2D PC consisting of a square lattice of
dielectric rods of GaAs (refractive index n=3.4) in air. The
radius of the rods is r = 0.19a.

Table 1. Design parameters of the T-Shaped

Parameters values
Rod shape Circular
Lattice structure Cubic/square
Lattice constant 664.8nm
Radius of the rod 0.19a
Refractive index of the rod 3.4
Dielectric constant of GaAs rods 12.6
Radius of the central rods ri, 1 0.077a

In this figure a basic T-unction is introduced in the
11x11 square lattice PC structure by removing rods in the
L-shape. A Gaussian wave corresponding to the forbidden
mode 1n the lattice is launched with unit power. The
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design parameter of the proposed our structure is listed in

Table 1.

Qutputport 1

~ Outputport?

Figure 12. The T-shaped photonic crystal topology
designed for TM polarized incident light.

In this structure, rod radi are r = r.= 0.077a, r: = 0.225 a,
r.=0.121a, r; = 0.142 a, and r. = 0.077 a is the radius of
the coupled linear waveguide, where a is the lattice
constant.

To illustrate the optimization of our T-Shaped, we show
the electric field distribution in Figure. 13.
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Figure 13. The Electric field distribution for the optimized
T-shaped photonic crystal

The reference [16] shows that transmitted powers to
each of outputs are equal to 49% of input power.
Therefore, efficiency is very high and about 98% for the
wavelength of 1550 nm. Our simulation results show that
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adding rod only in the junction section can enhance the
electromagnetic fields and increase in transmission power
of output ports >49% more than 209%. The radius of these
rods 1s determined from the optimization process.

5. Conclusion

Confinement of light to nanostructures has important
mmplications for optical guided. So, waveguide structures
are used for confine light in the PBG structure and control
the propagation of the light.

The two-dimensional photonic crystals waveguide (2D
PCWG) defined in a disconnected structure shows that
guidance 1s optimized for several geometries: have been
optimized the bend structure to reduce the bending losses
and reflections induces for increase the bandwidth and to
achieve a level of the transmission 100%. The structure at
mtersection i1s modified to control the flow of EM waves.

To obtain high transmission in a large frequency range,
we realize an optimization by modifying of radium of
dielectric-rods in T junction .This structure is useful in
designing all-optical signal processing circuits, optical
computer systems and the logics functions : XOR" and
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