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Large complete band gap in two-dimensional photonic crystals with elliptic air holes
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Department of Electromagnetic Theory, Royal Institute of Technology, 100 44 Stockholm, Sweden

~Received 8 April 1999!

It is shown that elliptic air holes can be used effectively as inclusions to obtain a large complete band gap
for two-dimensional photonic crystals. An instructive procedure of how one quickly finds the optimal configu-
ration which gives the maximum complete band gap is described.@S0163-1829~99!12839-X#
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Intensive investigations have been carried out recently
photonic crystals in view of their potential usefulness in co
trolling light propagation~cf., e.g., Refs. 1–4!. If, for some
frequency range, a photonic crystal reflects light of any
larization totally at any incident angle, the crystal is said
have a complete photonic band gap~PBG!. In such a photo-
nic crystal, no light modes can propagate if the frequenc
within that PBG range. By using line defects~i.e., carving a
waveguide out of an otherwise perfect photonic crystal!, one
can guide light from one location to another. Once light
induced to travel along this waveguide, it has nowhere e
to go as the mode is forbidden to escape into the crys
Based upon the above ideas, a photonic crystal fiber has
fabricated by, e.g., making~through a stack and draw proce
dure! a hexagonal array~except at the center grid point! of
air holes in a long silica matrix, with a dielectric core at t
center.5,6 The center core then serves as a line defect i
photonic crystal environment. In other words, a photo
crystal fiber uses a two-dimensional~2D! photonic crystal as
the fiber cladding. If the parameters are chosen prope
such a photonic crystal fiber provides the possibility of co
trolling light in novel ways which are impossible in a co
ventional optical fiber. Motivated by the application of ph
tonic crystal fibers, we consider in the present paper only
photonic crystals with air holes as inclusions.

To obtain a larger PBG for circular inclusions in a rec
angular lattice, two sets of inclusions7 and anisotropic
inclusions8 have been used. However, these are not con
nient for fabrication of photonic crystal fiber. In the prese
paper, we wish to reach a similarly large PBG by using
liptic ~instead of circular! air holes in a rectangular lattice. A
rectangular array of elliptic air holes~identically same! can
be made easily in an isotropic background dielectric med
~gallium arsenide or silica! in the fabrication of photonic
crystal cladding for a photonic crystal fiber.

Consider an infinite periodic rectangular grid with peri
l x along thex direction and periodl y along they direction,
see Fig. 1. We choose they direction to be the one with
larger period~i.e., l y> l x). Denoted bys as the ratio of the
two periods, i.e.,s5 l x / l y , thens has a value between 0 an
1.0. Denote the half-axes of the elliptic air holes bya ~long
half-axis! andb ~minor half-axis!. The dielectric constant fo
the background material is denoted by«b .

The band structure for such a photonic crystal can
calculated by the standard plane-wave expansion method9–13

In the present paper, we use 441 plane waves, and the
putational error was estimated to be less than 1% for
lowest 10 photonic bands.
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In order to compare our PBG results with the ones giv
in Refs. 7 and 8, we start our study by using the same ba
ground material—gallium arsenide, which has a dielec
constant of«b511.4.2,14 A 2D photonic crystal with a trian-
gular lattice of air holes on gallium arsenide has be
fabricated.15

Figure 2 shows the calculated photonic band structure
circular air holes in a rectangle lattice withs50.77 and ra-
dius r 50.38l y @this configuration actually is obtained in ste
1 of the procedure~described below! of finding the optimal
configuration which gives the maximum complete band ga#.
The filling fraction for the air holes isf 50.59. In the presen
case the irreducible Brillouin zone is a rectangular bo
rather than the triangular wedge for the case ofsquarelattice
with circular air holes. The rest of the Brillouin zone can
related to this rectangle box by rotational symmetry. The
fore, we have four special points,G, X, M , and X8 corre-

FIG. 1. A 2D periodic rectangular array of elliptic air holes in
background material.
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sponding respectively toki50, ki5p/ l xx̂, ki5p/ l xx̂
1p/ l yŷ andki5p/ l yŷ. In Fig. 2, the solid curves are for th
H polarization, and the dotted curves are for theE polariza-
tion. From this figure one sees that a complete band gap
not exist in this case~this has been shown earlier by othe
see, e.g., Ref. 2!. The band gap ofH-polarization modes is
between the second and the third band, and the center
quency is around 0.47(2pc/ l y). The center frequency for th
1-2 band gap of E polarization modes is aroun
0.28(2pc/ l y), which is much lower than the center fre
quency for theH 2-3 mode. The two band gaps have
overlap. If we can move theH 2-3 band gap downwards, o
move theE 1-2 band gap upwards, a complete band gap
be obtained. A large complete PBG usually requires a la
filling fraction for the inclusions. In order to obtain a larg
filling fraction for the air holes, we put the long axis of th
elliptic air holes along they direction ~along which it has a
longer period in the 2D periodic structure! and increase the
long half-axisa. From Ref. 2 we know that the first band~at
low frequencies! of theE polarization has most of its energ
in the dielectric regions, while the second band~with higher
frequencies! has most of its energy in the air regions. Thu
as the long axisa increases~i.e., the area of the air region
increases!, the energy in the air regions increases, and
second band moves towards higher frequencies. Co
quently, theE 1-2 band gap moves upwards. The sa
physical explanation holds for theH polarization. Our nu-
merical results also indicate that both theE 1-2 band gap and
the H 2-3 band gap move upwards as the long half-axisa
increases, and furthermore, theH 2-3 band gap moves a b
faster than theE 1-2 band gap. Therefore, we cannot find
complete~i.e., overlapped! band gap between these two ba
gaps~the E 1-2 band gap increases asa increases, however
it never reaches a level that makes an overlap withH 2-3
band gap possible!. The rule of thumb for photonic ban
gaps2 indicates thatE-polarization band gaps are favored i
a lattice of isolated high-« regions, and H-polarization band
gaps are favored in a connected lattice. Thus, one may find
other band gaps for theE-polarization, besides theE 1-2

FIG. 2. Band structure for a 2D photonic crystal with circular
holes on gallium arsenide material («b511.4). The period ratio is
l x / l y50.77, and the radius isr (5a5b)50.38l y . The solid curves
are for theH polarization, and the dotted curves are for theE
polarization.
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band gap. Our numerical results indicate that there exist
E-polarization band gap between the third and fourth ba
as the long axisa increases. If we can let theH 2-3 band gap
overlap with theE 3-4 band gap, we can achieve a comple
band gap. From Fig. 2 one sees that theE 3-4 band gap is
very small compared with theH 2-3 band gap in the case o
circular air holes. Therefore, we increase the long half-axia
of the elliptic air holes to obtain a largerE 3-4 band gap.

Following this idea, and also considering the fact th
both H 2-3 andE 3-4 band gaps move upward as the lo
half-axisa of the elliptic air holes increases, we proceed w
the following two steps in order to find a suitable period ra
s, and half-axesa andb of the elliptic air holes which give
an optimal complete band gap@we use gallium arsenide
(«b511.4) as an example to illustrate the procedure belo#.

Step 1. Find a suitable period ratios and radiusr of
circular air holes~i.e., a5b5r ) for which the center fre-
quency of theH 2-3 band gap and that of theE 3-4 band gap
are at a similar level. This is because both theH 2-3 andE
3-4 band gaps move upwards with a similar speed asa in-
creases~this can be checked easily by a numerical pertur
tion method!. Our numerical simulation givess50.77 and
r 50.38l y . The corresponding band structure is shown
Fig. 2. From this figure one sees that the center frequenc
the H 2-3 band gap and that of theE 3-4 band gap are at a
similar level ~though both band gaps are quite narrow!.

Step 2. Fix the period ratios andb5r , but increase the
long half-axisa to an optimal value. The width of the com
plete band gap asa increases is shown in Fig. 3. Whena is
greater than 0.40l y , the complete band gap appears. T
complete band gap reaches its maximum valueDv
50.0304(2pc/ l y) when a is at about 0.45l y . The corre-
sponding band structure is shown in Fig. 4, where the co
plete band gap is indicated by the shaded area.

This complete band gap has reached a level similar to
one reported in Refs. 7 and 8 where complicated configu
tions ~two sets of inclusions or anisotropic circular inclu
sions! were used. Ifa increases further, the complete ban
gap decreases quite sharply. This is due to the following
reasons. Firstly, theH-polarization band gap disappears asa

FIG. 3. The width of the complete band gap as the long half-a
a varies. The period ratio isl x / l y50.77, and the minor half-axis is
b50.38l y .
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increases. As we know,H-polarization band gaps are fa
vored in a connected high-« material lattice. Whena is close
to 0.50l y , the connected high-« region becomes small, an
thus theH-polarization band gap disappears. Secondly,
up-moving speed of theH-polarization band is a bit faste
than that of theE-polarization band, and thus the position
the H 2-3 band gap exceeds that of theE 3-4 band gap for
largera.

The final photonic band structure with an optimal PB
for elliptic air holes in gallium arsenide is shown in Fig.
From this figure one sees clearly that theH 2-3 band gap
overlaps almost fully with theE 3-4 band gap@the H 2-3
band gap is between 0.5241 and 0.5548 (2pc/ l y), andE 3-4
band gap is between 0.5224 and 0.5545 (2pc/ l y)#. If we
choose the wavelengthl52pc/v51.5mm in an applica-
tion, then it requiresv l y/2pc5 l y /l5 l y/1.5mm'0.53, i.e.,
l y'0.8mm ~and thus l x'0.616mm, a50.36mm, and b
50.304mm). The PBG corresponds to a stop band fro
wavelengthl51.44mm to l51.53mm.

Following the same procedure, we have also investiga

FIG. 4. The band structure with the optimal complete photo
band gap for elliptic air holes in gallium arsenide material. T
optimal configuration has the following parameters:l x / l y50.77,a
50.45l y , b50.38l y . The solid curves are for theH polarization,
and the dotted curves are for theE polarization. The complete ban
gap is indicated by the shaded area.
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the optimal complete band gap for elliptic air holes in oth
dielectric background materials. In Fig. 5 we plot the optim
complete band gap as a function of the refractive index~in
the range of 3.0<n<7.0). The optimal complete band ga
increases as the refractive index increases, and reache
maximum valueDv50.0370(2pc/ l y) when the refractive
index is around 4~i.e., «b'16; the dielectric constant o
semiconductor Germanium is around 16).14 The complete
band gap then decreases as the refractive index incre
further. The dielectric constant for semiconductor silicon
around 11.7,14 and thus the PBG behaviors for elliptic a
holes in silicon are quite similar to the ones shown in Fi
2–4.

In conclusion, we have shown that inclusions of ellip
air holes can be used effectively to obtain a larger comp
band gap for 2D photonic crystals. We have described h
to quickly find the optimal configuration which gives th
maximum complete band gap. Such a 2D photonic crysta
very convenient for use as cladding for a photonic crys
fiber.
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c
FIG. 5. Optimal complete photonic band gap for 2D photon

crystals with inclusions of elliptic air holes as the refractive ind
of the background material varies.
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