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Abstract—Two-dimensional (2-D) photonic crystals (PhCs) of a
square lattice have been investigated to find the complete photonic band
gap. Band diagram calculations have been performed using the simulator
"PWE band solver" of the software package optiFDTD™, based on a
plane wave expansion method. Air holes in the dielectric background
with four different shapes have been considered. Parameters like filling
fraction, rod/air hole orientation angle and material dielectric constant
have been varied. It has been found that PhCs with square air holes have
the largest gap; the gap-midgap ratio is 13.66% for GaAs (when filling
fraction, f=0.680 and orientation angle, 6=30°). Finally, a proposal is
made to improve the efficiency of a thin film solar cell using this
photonic crystal as a back reflector.

A photonic crystal is composed of a periodic
arrangement of dielectric material in one, two or three
dimensions. If the periodicity and symmetry of the crystal
and the dielectric constants of the materials used are well-
chosen, the band structure of such a crystal shows the
photonic band gap (PBG) for one or both polarizations,
i.e. at particular frequencies light propagation is
prohibited in any direction in the crystal [1]. If, for some
frequency range, a photonic crystal prohibits the
propagation of electromagnetic waves of any polarization
traveling in any direction from any source, we say that the
crystal has a complete photonic band gap [1]. A triangular
lattice has a large complete photonic band gap but it is
difficult to fabricate [1]. So our attention goes to a square
and a rectangular lattice. A 2-D periodic rectangular array
of elliptic or circular air holes or dielectric rods in a
background material can open a large complete PBG [2]-
[3] but given the lattice symmetry, the largest absolute
photonic band gap is achieved by selecting a scatterer of
the same symmetry; e.g.; hexagonal rods in triangular or
honeycomb lattices, square rods in square lattices, and
rectangular rods in rectangular lattices [4].

In a thin film solar cell, photonic crystal applied as a
back reflector has introduced a significant improvement
in efficiency. It is working as the best solution for the
advanced light trapping scheme, enhancing the optical
path length by several orders of magnitudes [5]-[6].
Recent studies have shown that a thin film solar cell with
a textured photonic crystal back reflector has greater
efficiency than the one with a conventional metallic back
reflector [5]. Further study has been carried out using a 2-
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D photonic crystal with a triangular lattice of air holes
made of photovoltaic material instead of a textured
photonic crystal [6].

In this paper, a square lattice with various types of
scatterer in a dielectric background has been considered
and the effect of various parameters on a complete band
gap has been investigated. In our calculation, the
dielectric medium, GaAs with the relative dielectric
constant e=11.4 [7] has been used and simulated for the
band gap, then other dielectric materials (e.g. Si, InP, Ge
etc.) have been investigated in place of GaAs, keeping the
parameters like filling fraction, f and air hole orientation
angle, 6 unchanged (Fig 1 shows the definition of angle
0). "PWE band solver" from the software package of
optiFDTD™ has been used for the band diagram
calculation. "PWE band solver" is a band diagram
calculator based on a plane wave expansion method.

Finally, focus is drawn towards the photonic crystal
structure of the reflector. The crystal structure of a square
lattice with square air holes in the Si background is
proposed instead of a triangular lattice with circular air
holes. In this structure a larger complete band gap is
found. This structure can be used as a back reflector in
place of a triangular lattice of circular air holes, which has
no complete band gap [6] and also possesses fabrication

difficulties [1].
D,

Fig. 1. Definition of dielectric rod/air hole orientation angle, 0. (a)
Rectangular dielectric rod/air hole. (b) Elliptical dielectric rod / air hole.

A square lattice with air holes of four different types
has been considered, including square, rectangular,
circular and elliptical air holes in the dielectric
background. The results for different types of scatterer are
listed as follows:
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e Square air holes in the dielectric background

For this structure it has been found that when the
filling fraction, f=0.68 and the air hole orientation angle,
0=30°, the structure exhibits the maximum band gap
width (Aw)pe= 0.0600(27c/a) and normalized width
of Aw/w, =13.66% for GaAs [see Fig. 2(a)], and
(Aw)max = 0.055(2mc/a) for Si [see Fig. 2(b)]. Here w,
is the mid gap frequency,a is the lattice constant and c is
the velocity of light in vacuum. Photonic crystals have the
maximum band gap when the symmetry of air
holes/dielectric rods is the same as the Brillouin zone
(BZ) of the lattice. For a square lattice the shape of the
Brillouin zone (BZ) is square and square air holes have
the same symmetry as those of the BZ. For this reason the
PhCs with a square air hole have the largest bandgap.
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Fig. 2. Square air hole in the dielectric background. (a) Dependence of
the band gap width, Aw on the filling fraction, f for four different
rotation angle 6=25°,30°,35°,40°. (b) Dependence of bandgap width

on dielectric constant keeping f and 6 constant (f=0.68, 6=30°). (c) Band

structure with a complete photonic band gap for the filling fraction,
f=0.68, air hole orientation angle 6=30° and hybrid polarization (TE and
TM™).
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e Rectangular air holes in dielectric background

For this structure the maximum band gap width
(Aw)mar= 0.0336(2mc/a) and normalized width of
Aw/wy, =4.17% for GaAs [see Fig. 3(a)], and
(Aw)max = 0.0325(2mc/a) for Si [see Fig. 3(b)] when
filling fraction, f=0.576 and air hole orientation angle,
©=45°and L, /L, = 0.84 where, L, and L, denote length
and width of the rectangle respectively. Although,
rectangular scatters are less symmetrical than the square
scatters but due to the difference in the shape from the
square Brillouin zone of square lattice, rectangular air
holes in dielectric background have the less band gap than
the square one.

0.035

© — — =4l
S po3f _
= T e
o .
g 0o0285p S | T & =48°
<
£ 002}
=]
io.m&
@ -
je3] N
2 o0p
o
m
0.005 L— . . . . . .
052 054 056 058 06 062 064
Filling fraction,f
0.05
— (b)
L)
S 0.04
=
o™
= 0.03
=
E=]
o
= 0.02
(=N
(1)
[=))
2 o001
o
m
0
8 10 12 14 16
Background Dielectric constant, & b
EERO)
— 3]
o
E
N
N =]
S =
3
> =
o
C
[]
S -]
o =
(0]
—
L
T X M T

Fig. 3. Rectangular air hole in the dielectric background.(a) dependence
of the band gap width, Aw on the filling fraction, f for three different
rotation angle, 6=40°,45°,48°. (b) Dependence of bandgap width on
dielectric constant keeping f and 6 constant (f=0.576 and 6=45°). (c)

Band structure with complete photonic band gap for the filling fraction

f=0.576, air hole orientation angle 6=45° and hybrid polarization.
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e Circular and elliptical air holes in the dielectric
background

For a circular air hole, the maximum band gap
width (Aw)ax = 0.004(2mc/a) and the normalized
band gap width Aw/w, = 0.78% at f=0.76 have been
found. For elliptical air holes it has been found that the
largest band gap width, (Aw)er = 0.0101(27c/a) and
the normalized bandgap width Aw/w, = 1.71% at f
=0.7236 and 6=20°. Figure 4 shows the band diagram for
circular and elliptical air holes. For these cases a small
band gap has been found because elliptical and circular
scatters are more symmetrical than the square and
rectangular air hole. Since these two structures show a
small bandgap, the details are not shown here.
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Fig. 4. Band structure with a complete photonic band gap. (a) Circular
air hole in the dielectric background. (b) Elliptical air hole in the
dielectric background with hybrid polarization.
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In the present paper, PBG for four different geometric
shapes of air holes in a square lattice have been
investigated. Among them, the square air holes in the
dielectric back ground have shown the largest complete
photonic band gap. For the filling fraction f=0.68 and the
air hole orientation angle 6=30°, the structure exhibits the
maximum band gap width (Aw),,q, = 0.055(27c/a) for
Si, which is significantly larger than any other structures.
Since, it is a complete band gap; it will work as a perfect
reflector for both TE and TM mode of incident light that
falls within this band gap. So, for the light waves having
the frequencies within this band gap, an incident from air
at any angle acts as a perfect reflector with the reflectivity
about 100% for either or both polarizations [1], whereas
no metallic reflector has the reflectivity of more than
80%. Additionally, frequencies outside the photonic
bandgap are refracted into modes with a high density of
states [8].

A recent study has used triangular air holes in the
dielectric background as a back reflector of the solar cell
[6]. But this crystal structure exhibits a significant band
gap only for TE mode but not for TM mode. Here the
paper proposes a square lattice of square air holes in the
dielectric background as a back reflector in place of a
triangular lattice of air holes, which could work better as a
reflector because it has a sufficiently large complete band
gap. If it were possible to reflect TM mode along with TE
mode back into the solar cell, we think, it would increase
the light conversion efficiency of a thin film solar cell.
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