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Abstract— In this paper, great attention has been paid to
photonic crystals due to their potential applications in ultra
compact photonic integrated circuits. The goal of this work is
applying a genetic algorithm to search for photonic crystals with
large band gaps. The algorithm adopted in this work is based on
introducing single-pixel perturbations to an initial seed with
small relative band gaps. Each filling pattern of the grids is
translated into a matrix of binary elements. By applying
innovative crossover and mutation operators, the number of
generations needed to achieve the fittest photonic crystal
structure is considerably reduced. Besides, the required time to
get optimal structure is significantly decreased. This is due to
decreasing both the time needed to evaluate a band structure of
each chromosome and generation number. Because of this
efficient method, the required computation time of the fitness
function is significantly decreased. The paper presents two
optimized photonic crystal structures with almost 21% relative
band gap.
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. INTRODUCTION

In recent years great attention has been paid to photonic
crystals due to their potential applications in ultra compact
photonic integrated circuits [1,2] such as optical waveguides
[3,4], filters [5], lasers [6], and cavities [7]. Many of these
applications take advantage of the photonic band gap imposed
by the periodic structure of the propagating electromagnetic
fields. So far, it has been discovered that the band gap of
photonic crystals is controllable by the dielectric constant
contrast of its constituent materials [8], the type of its lattice
[9], the filling factor [1], the pattern used for the unit cell [10].
Since the appropriate performance of photonic crystals is
dependent on their photonic band gap characteristics, it is of
interest to design a photonic crystal with a maximum possible
band gap. To this end, for a given dielectric material and a
specific cell size, one should design the pattern of the unit cell
with the goal of maximizing the relative photonic band gap.

One possible solution to the above problem has been based
on the effect of dielectric veins and holes on the absolute band
gap, which resulted in a hexagonal lattice of air holes [11]. An
alternative solution has been suggested with regard to the fact
that the photonic band gap size is strongly limited by the

degenerate modes. Hence, one may propose approaches to
reduce the structure symmetry in order to enhance the band
gap. An anisotropic medium [12] or the insertion of small rods
in the unit cell [13] allows a large absolute band gap for both
square and hexagonal lattices.

One of the common methods to solve inverse problems is
the genetic algorithm. The genetic algorithm originates from
the evolution theory, and works by repeatedly selecting,
varying, and replacing the best individuals in the next
population [15]. Recently, by applying this algorithm to the
photonic crystals, some 2D structures with large absolute band
gaps for square [15] and triangular lattices [16] have been
reported. The genetic algorithm has also been used to obtain
large absolute band gaps for 2D anisotropic photonic crystals
[17]. In addition, the genetic algorithm has been used to design
structures with maximum band gaps for either TE or TM
modes [18]. This algorithm is also a proper method for
designing photonic devices with optimal performance [19].

The goal of this work is applying a genetic algorithm to
search for photonic crystals with large band gaps. The
algorithm is supported by a rigorous semi-analytical technique
for band gap computation. The algorithm adopted in this work
is based on introducing single-pixel perturbations to an initial
seed with small relative band gaps. The variations of the initial
seed obtained in the mentioned manner are selected as the
initial population. Therefore, the structures are varied in such a
way that they become closer to the structure showing the
global maximum band gap.

1. METHODOLOGY

In this paper a 2D photonic crystal with square lattice
consisting of two different dielectric materials is investigated.
In order to apply the genetic algorithm, the unit cell is divided
into many rectangular pixels represented by a binary value 1
(high dielectric constant) or 0 (low dielectric constant). Even
for a unit cell with 100 pixels, there are 2100 various structures
to search. Therefore, it is essential to exploit a fast and accurate
method for evaluating the band structures of photonic crystals.
For this purpose, we apply transmission line (TL) method to
calculate effectively the band structure of a general 2D
photonic crystal.
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In [20] a detailed discussion of the TL formulation for two-
dimensional dielectric photonic crystals is reported. It is shown
how the full-wave analysis of photonic crystals can be reduced
to the analysis of an equivalent multi-conductor transmission
line. We begin with the following pseudo-Fourier series for the
electric and magnetic field:

M N
— i - i(k+Gpg ) 7
EM=,Jim, 3 3 Em(2e @
M N 6
T —j(k+Gpy )1
H = Jim 3, 3 Hi(2e @

which should hold at every position vector " =XX+Yy+2Z
G,,=mb, +nb, -

In (1) and (2) “m 2 is a vector of the lattice

reciprocal to the one defined by the vectors Lo =ma, +na,

while the primitive translation vectors B of the reciprocal
lattice are given by

2
b, =5 (8,,-2,,)
(3)
2
b2 :?(_aly‘a‘lx)
where S is the area of the unit cell of the lattice, and
S=lex@| rhe coefficients Em(® and Hm( along with

k=kX+ky denote the still unknown characteristics of a
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the elements of the matrices [-1 and [C1 are in terms of a

so-called refractive index matrix I/ @) [20] which in its
turn has the expansion coefficients of the dielectric constant

(") as its elements. For the lattice configuration of this
work, these are given by
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in which S is the area of the unit cell of the two-

dimensional crystal defined by the vectors & and 2 .

According to [20], the modes of the photonic crystal are the
frequencies in which matrices [L] (TM modes) or [C] (TE
modes) have zero determinants. Therefore, using the TL
method, evaluating the modes of a 2D photonic crystal can be
transformed to calculating the eigenvalues of a matrix.

With the use of this method, the band structures of various
structures are evaluated, and the best structures with larger
fitness functions are selected. The fitness function of this work
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is assumed to be polarization independent relative band gap
defined as the ratio of the bandwidth of the mid frequency of
the band gap. Later, the fittest photonic crystals are exposed to
mutation (randomly changing 0/1 binary values) and a 2D
crossover (constructing the chromosomes of the two offsprings
from the chromosomes of the parents). This procedure is
repeated for many generations until the structure of the
photonic crystal with the largest relative band gap is obtained.

Since the total number of possible structures of 2D
structure photonic crystals enhances exponentially with the
number of pixels, we assume that the primitive unit cell is
invariant along the z axis and has the symmetry of being
invariant under the mirror reflection with respect to the xz and
yz planes. Therefore, the analysis of the photonic crystal
structure can be reduced to the analysis of a quarter of a unit
cell (Fig 1). Besides these symmetries, it is possible to assume
that the unit cell has a mirror symmetry with respect to y=x
plane. In this case, the analysis and search for the proper
structure with the maximum relative band gap is reduced to
one-eighth of the unit cell (Fig. 1).
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Fig. 1. Division of the unit cell of a 2D photonic crystal with square lattice.
One of the unit cells has not the mirror symmetry with respect to the y=x
plane and the other has the above mirror symmetry.

The steps toward obtaining photonic crystal structures with
maximum band gap are given as the following. In the first step,
we use a specific chromosome as the first chromosome of the
initial population. The other individuals are generated by
changing a single pixel of the first chromosome. In this
manner, the initial population is constructed. For example, for
10x10 pixels in a nonsymmetrical structure with respect to the
y=x plane, the initial population possesses 100 and in a
symmetric structure only 55 2D chromosomes. Note that this
procedure is suggested for improving the relative band gap for
a predefined photonic crystal and also reducing the time
required to find a more optimal one.
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In the second step, the fitness function for each
chromosome is computed. Using TL method based on matrix
formulation, the time needed to obtain band structure is
decreased drastically. In our work, computation of the fitness
function for each chromosome is accomplished in 1.9 sec with
the relative error of about 1%.

The third step contains three individual procedures for
producing the next generation and again applying the second
step. These three procedures are described as follows:

1. Selection: Suppose the unit cell is divided to 2Mx2M
pixels. From the previous generation or the initial population
the M chromosomes with best fitness are selected. These
chromosomes are also the parents for the new population.

2. Mutation: In this procedure, from each of selected
chromosomes, M-2 new chromosomes are produced. To this
end, one of the elements of the matrix of each selected
chromosomes is randomly selected and subjected to a flip from
0to 1 or vice versa.

3. Crossover: The last procedure consists of the random
selection of two chromosomes of the parent population, first
subjecting these two parents to an AND operator and second to
an OR operator. If this is done for M times, 2M children are
produced from the M parents.

Therefore,  each  generation includes  M(M+1)
chromosomes. This process is repeated for many generations
until the maximum fitness of a population does not vary after
some generations. Hence, the structure of photonic crystal with
the largest relative band gap is achieved. The property of this
kind of selection is that the fitness of the population dose
doesn't decrease in this newly created population. In the above
algorithm one can optimize a structure for a specific M (for
example 10) and take advantage of the obtained result to
optimize the structure for a higher number of pixels (for
example 20). The above idea is followed to obtain the
following numerical results.

1l. NUMERICAL RESULTS

As a numerical example, the two dielectric materials,
constructing a photonic crystal structure are considered, air and
GaAs with the relative dielectric constants 1 and 12.25
respectively. In this case at first, each chromosome consists of
10x10 pixels, then after optimization of the band gap, the
number of pixels is increased to 20x20.

In the first example, the structure of a unit cell without a
symmetry with respect to the y=x plane is optimized. The
genetic algorithm was executed for 9 generations of 110
chromosomes with 10x10 pixels and 30 generations of 420
chromosomes with 20x20 pixels to achieve large band gaps for
TE and TM polarizations. The best achieved structure with the
largest fitness is shown in Fig. 2 (a), and its photonic band
structure is shown in Fig. 2 (b). This structure has an absolute
band gap of 0.92(2nc/a) at a midfrequency of 0.44(2nc/a)
where c is the speed of light and a is the length of the unite cell.
The above results correspond to 20.73% relative band gap.
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As the second example, the structure of a unit cell which
has a mirror symmetry with respect to the y=x plane is
optimized. The genetic algorithm was executed for 13
generations of 110 chromosomes with 10x10 pixels and 16
generations of 420 chromosomes with 20x20 pixels to achieve
the absolute large band gaps. Fig. 3(a) illustrates the achieved
structure with the largest fitness, and its photonic band
structure is shown in Fig. 3(b). This structure has an absolute
band gap of 0.096(2nc/a) at a midfrequency of 0.45(2nc/a).
The above results correspond to 21.13% relative band gap.
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Fig. 2. (a) The best GaAs photonic crystal without mirror symmetry with
respect to y=x plane. (b) The corresponding photonic band structures.

To show the performance of our method, we compare our
results with those in [15]. In [15], after more than 104
generations with 100 populations (which contains 106 band
gap evaluations), a structure with 20.1% relative band gap is
obtained. However, in the present paper, a structure with 21%
relative band gap is achieved with 1.3x104 band gap
calculations for the first example and 8150 band gap
calculations for the second example. It is obvious from these
results that our method outperformed.
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V. CONCLUSIONS

The ability of a genetic algorithm to find novel photonic
crystal structures with large relative band gaps is revealed.
Starting with a photonic crystal structure that has very small
band gap, one can achieve photonic crystals with larger band
gap than the initial structure. By applying innovative crossover
and mutation operators, the number of generations needed to
achieve the fittest photonic crystal structure is considerably
reduced. Besides, the required time to get optimal structure is
significantly decreased. This is due to decreasing both the time
needed to evaluate a band structure of each chromosome and
generation number.
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Fig. 3. (a) The best GaAs photonic crystal with mirror symmetry with
respect to y=x plane. (b) The corresponding photonic band structures.
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