
PHYSICAL REVIEW E DECEMBER 1998VOLUME 58, NUMBER 6
Defect modes in a two-dimensional square lattice of square rods
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Department of Physics, Korea Advanced Institute of Science and Technology, Taejon 305-701, Korea

~Received 14 November 1997; revised manuscript received 13 April 1998!

We investigated defect modes created by drilling a hole in a rod and rotating it in a two-dimensional square
lattice of square dielectric rods as well as that of square metallic rods in air by the supercell method. InE
polarization ~the electric field parallel to the rod axis!, a hole in a dielectric rod created a nondegenerate
acceptor mode inside the photonic band gap~PBG!, while the one in a metallic rod resulted in a nondegenerate
donor mode below the cutoff frequency. The frequency of the acceptor mode extends almost all over the PBG.
The rotation of a square rod did not create defect modes in either case, regardless of the angle of rotation. In
H polarization~the magnetic field parallel to the rod axis!, a hole in the dielectric rod created acceptor modes
and rotating the rod resulted in paired donor and acceptor modes. As the angle of rotation increased, the donor
mode moved away from the top of the PBG and the acceptor mode moved away from the bottom of the PBG.
One of the defect modes ofH polarization was strongly localized around the rods surrounding the defect rod
rather than around the defect rod itself.@S1063-651X~98!13811-4#

PACS number~s!: 42.70.Qs, 42.60.Da
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I. INTRODUCTION

Photonic crystals, which are periodic arrays of dielect
materials, can exhibit frequency regions where electrom
netic waves cannot propagate in any direction. These
quency regions are called photonic band gaps~PBG’s!,
analogous to electronic band gaps in semiconductors@1,2#.
Photonic crystals can be used in high-efficiency semicond
tor lasers and in light-emitting diodes, optical diodes, so
cells, optical switches, and high-Q resonant cavities.

Photonic crystals have very useful and attractive prop
ties that semiconducting crystals do not. Defects in photo
crystals are easily created by either adding or removing
electric material from a chosen unit cell in the crystals. Th
the defect frequency inside a PBG can, in principle, be
lected by designing the shape or the size of a local defec
photonic crystals. Previous studies have reported that l
defects created by reducing the dielectric constant of on
the artificial dielectric atoms in photonic crystals or by r
moving the dielectric material from the crystals produce
ceptor modes at the bottom of a PBG. On the other ha
those created by increasing the dielectric constant or by
cally adding an extra dielectric material produce don
modes at the top of a PBG@3,4#. In photonic crystals of
metallic materials~metals, heavily doped semiconductors,
superconductors!, it has been observed that local defects c
ate defect modes below the cutoff frequencyvc @5–7#. Re-
cently, it was shown that the defect frequency approachevc
as the radius of local defects created by removing meta
material in a layer-by-layer metallic PBG structure is i
creased; this is also the case of acceptor modes produce
removing the dielectric material in dielectric photonic cry
tals @8#. Defect modes may play an important role in t
application of photonic crystals to semiconductor lasers
high-Q cavities @3,8#. To date, experimental investigation
on defects in two-dimensional~2D! photonic crystals have
primarily been performed with structures obtained by rem
ing dielectric or metallic cylinders@6,9#. These defects are
similar to the vacancies in semiconductors. Defects can
PRE 581063-651X/98/58~6!/7908~5!/$15.00
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also created in 2D photonic crystals by changing the shap
the size of one of the artificial dielectric atoms or by repla
ing it with different dielectric materials. The former metho
is more suitable to 2D photonic crystals since the etch
technology can be best employed to realize the desired s
ture.

In this paper we propose a simple method of creat
defect modes and investigate the modes created thereby
method was to drill a hole at the center of a rod placed at
center of a 2D square lattice consisting of either square
electric rods or square metallic rods in air. It has been
cently reported that a 2D square lattice of square dielec
rods in air opens an absolute PBG in higher-frequency
gions @10#. The role of the hole in a dielectric rod will be
different from that in a metallic rod because the dielect
constant of the dielectric rod is larger than that of the ho
while that of the metallic rod is smaller. We also investigat
defect modes created by rotating a square rod placed a
center of 2D square photonic crystals. Because the rota
of the rod in effect moves dielectric material from one side
the other, the properties of this local defect are expecte
be different from those of defects investigated until now.
Sec. II we describe our calculational model and method.
present and discuss the defect modes created by the hole
rod rotation in Secs. III A and III B, respectively. In Sec. I
we summarize the conclusions of this study.

II. CALCULATIONAL MODEL AND METHOD

For the purposes of this study we considered 535 super-
cells, each containing 25 square dielectric rods~a dielectric
supercell! and square metallic rods~a metallic supercell!. A
defect rod was placed at the center of the supercells. Incr
ing the supercell size may make defect bands slightly n
rower, but will not change its position inside the PBG.

The supercell method was employed to calculate de
modes inside the PBG@3#. We consideredE polarization~the
electric field parallel to the rod axis! only for square metallic
rods because PBG’s do not exist inH polarization~the mag-
7908 © 1998 The American Physical Society
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PRE 58 7909DEFECT MODES IN A TWO-DIMENSIONAL SQUARE . . .
netic field parallel to the rod axis! in 2D metallic composites
@11#. The dielectric constant of metallic rods was assumed
be the free-electron forme(v)512vp

2/v2, wherevp is the
plasma frequency of the square metallic rod. The numbe
plane waves used in theE polarization was 6361, which
corresponds to 253 plane waves for the conventional sq
lattice. Since we consider the PBG below the second ba
this number yields values that converge well. ForH polar-
ization the number of plane waves used in the calculati
was 7087, corresponding to 305 plane waves for the conv
tional square lattice, since the first PBG exists between
sixth and the seventh bands@10#. In both polarizations the
PBG’s calculated for supercells without the defect rod agr
well with those calculated by using the plane waves for
conventional square lattice.

III. RESULTS AND DISCUSSION

A. Defect modes created by a hole

Figure 1 shows the frequency dependence of a de
mode ofE polarization in a dielectric supercell on the ho
radiusR normalized to the lattice constanta of the conven-
tional square lattice. Two dashed lines in the figure den
the first PBG between theM point of the first band and theX
point of the second band for the conventional square lat
when the widthd of the square dielectric rod is 0.5a and the
dielectric constant of the rod is 12.25. The frequency is n
malized to 2pc/a, wherec is the vacuum velocity of light.
The inset denotes the defect rod. As expected, making a
in the rod creates an acceptor mode, which is always non
generate. As the hole radius is increased, the frequency o
defect mode approaches the upper edge of the PBG, i.
becomes the deeper acceptor mode. There exists a thre
radius of the hole required to create an acceptor mode; th
about 0.1a. When the hole radius is 0.2a, the frequency of
the acceptor mode is placed near the center of the PBG.
example, whena51.0 mm, d50.5 mm, and R50.2 mm,
the PBG lies in the regionl54.13– 3.01mm and the corre-
sponding defect wavelength isl53.44mm. We notice that

FIG. 1. Frequency dependence of the defect mode ofE polar-
ization in a dielectric supercell on the hole radiusR normalized to
the lattice constanta of the conventional square lattice. This is
nondegenerate acceptor mode. The frequency is normalize
2pc/a and the widthd of the square rod is 0.5a. The inset denotes
the defect rod.
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the frequency of the acceptor mode extends almost throu
out the PBG. Since etching technology on a submicrome
scale simplifies making a hole at the center of a square
this method is potentially useful in the application of 2
photonic crystals to semiconductor lasers.

Figure 2 shows the frequency dependence of the de
mode ofE polarization in a metallic supercell on the ho
radiusR normalized toa; the frequency is also normalize
to 2pc/a. The dashed line denotes the cutoff frequencyvc

and the inset the defect rod. The width of the square meta
rod is 0.75a and vp is assumed to be unity in units o
2pc/a. In contrast to the dielectric supercell, a hole intr
duces a nondegenerate donor mode belowvc . As the hole
radius increases, the frequency of the defect mode mo
farther away from the cutoff frequency, becoming the dee
donor mode. There is also the threshold radius of alm
0.2a for a hole required to create the donor mode. This
havior is different from that of the three-dimensional laye
by-layer metallic PBG structure@8#. The defect mode ofE
polarization created by the hole is nondegenerate in b
supercells because it originated in the first nondegene
band. The role of the hole in dielectric and metallic rods
analogous to that of group IV dopants in III-V semicondu
tors.

Figure 3~a! shows the spatial distribution of the squar
electric field ~the electric energy density! of the acceptor
mode in the dielectric supercell when the hole radius is 0a
and Fig. 3~b! that of the donor mode in the metallic superc
when the hole radius is 0.35a. The electromagnetic field is
strongly localized around the defect rod, as expected fo
localized defect mode in the dielectric supercell. It has be
pointed out that the oscillation of the localized field@i.e., the
satellite peaks in Fig. 3~a!# shows the interference or th
standing-wave pattern of the electric energy density gen
ated by defect scattering@9#. The decay length of the local
ized acceptor mode was determined to be 0.644a from the
central peak. Interestingly, in the metallic supercell the el
tromagnetic field is also localized around the defect rod w
no oscillation present; this can be explained by the fact t

to

FIG. 2. Frequency dependence of the defect mode ofE polar-
ization in a metallic supercell on the hole radiusR normalized toa.
It is a nondegenerate donor mode. The width of the square ro
0.75a.
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7910 PRE 58KEE, KIM, PARK, AND CHANG
metallic materials prevent electromagnetic fields from int
acting with each other.

Defect modes ofH polarization created by a hole ar
complex and interesting. Figure 4 shows the frequency
pendence of the defect mode ofH polarization in a dielectric
supercell on the hole radiusR normalized toa. The two
dashed lines in Fig. 4 denote the first PBG between thG
point of the sixth band and theM point of the seventh band
for the conventional square lattice when the widthd of the
square dielectric rod is 0.64a and its dielectric constant i
12.25. Since the PBG is the gap between the higher ban
large number of defect modes appear in the PBG when
hole radius is further increased, in contrast to theE polariza-
tion whose first PBG is the gap between the first and sec
bands@12#. The solid lines and symbolsgDi distinguish be-
tween the defect modes, whereg is the degree of degenerac
of the defect mode andi is the order in which the defec
mode appears inside the PBG asR increases.g is omitted
when a defect mode is nondegenerate and the inset de
the defect rod. Open circles denote doubly degenerate ac

FIG. 3. Spatial distribution of the squared electric field of~a! the
acceptor mode ofE polarization in the dielectric supercell when th
width of the square rod is 0.5a and the hole radius is 0.2a and ~b!
the donor mode ofE polarization in a metallic supercell when th
width of the square rod is 0.75a and the hole radius 0.35a.
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tor modes. The frequency of doubly degenerate modes 2D2
increases rapidly in comparison toD1 asR increases and tha
of D3 increases very slowly in comparison toD4 . These
behaviors give rise to intersections of the defect modes:D1
and 2D2 nearR50.1a andD3 andD4 nearR50.275a.

Figure 5~a! shows the spatial distribution of the squar
magnetic field, i.e., the magnetic energy density, of the
ceptor modeD1 of H polarization when the hole radius i
0.125a and Fig. 5~b! shows that ofD3 when the hole radius
is 0.3a. As expected, the electromagnetic field ofD1 is also
localized around the defect rod. There is also an oscillat
of the localized field, as in Fig. 3~a!, for the electric energy
density. Interestingly, the electromagnetic field ofD3 is not
localized around the defect rod itself, but is strongly loc
ized around the rods surrounding the defect rod. Theref
the effect of the hole inD3 is much smaller than those in th
other defect modes. This explains well why the frequency
D3 increases very slowly asR increases.

B. Defect modes created by rotation

Figure 6 shows the frequency of defect modes ofH po-
larization created by rotating a square rod as a function of
rotation angleu of the rod in a dielectric supercell. The widt
of the square dielectric rod is 0.64a and its dielectric con-
stant 12.25. Dashed lines denote the first PBG and the i
represents the defect rod rotated by 45°. Since the rotatio
a square rod moves dielectric material from one side to
other, the local defect of rotating a square rod creates a do
mode ~solid circle! and an acceptor mode~open circle! in
pairs, i.e., the donor-acceptor pair mode. The donor and
acceptor modes move away from the top and the bottom
the PBG as the rotation angle increases, respectively,
becoming the deeper donor-acceptor pair mode. The
quencies of donor-acceptor pair modes at a rotation angu
are equal to those at a rotation angle 90°2u, as expected.
The frequency difference between the donor and the top
the PBG is nearly equal to that between the acceptor and
bottom of the PBG. The amount of dielectric material shift
as the rod rotates by the angleu, DS(u), is 0.25d2 (e r
2ea)(cos21 u21)(sin21 u21), where e r is the dielectric
constant of a square rod andea that of air.DS(u) is maxi-

FIG. 4. Frequency dependence of the defect modes ofH polar-
ization in a dielectric supercell on the hole radiusR normalized to
a. The width of the square rod is 0.64a.
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FIG. 5. Spatial distribution of the squared magnetic field of
acceptor mode~a! D1 of H polarization in a dielectric superce
when the hole radius is 0.125a and ~b! D3 when the hole radius is
0.3a. In both cases, the width of the square dielectric rod is 0.6a.

FIG. 6. Frequency of defect modes ofH polarization created by
rotating a square rod as a function of the rotation angleu of the rod
in a dielectric supercell. The width of the rod is 0.64a. Solid circles
denote donor modes and open circles acceptor modes. The
denotes the rotated defect rod byu545°.
mum atu545° andDS(u)5DS(90°2u), explaining well
the dependence of the donor-acceptor pair mode on the
tion angleu.

Figure 7 illustrates the contours of the squared magn
field of the donor-acceptor pair modes. Figures 7~a! and 7~b!
are those of the acceptor mode and the donor mode
u530°, Fig. 7~c! that of the acceptor mode, and Fig. 7~d!
that of the donor mode atu560° or230°, respectively. The
gray square denotes the rotated rod. The magnetic fiel
localized around the rotating rod and rotates in the sa
direction as the defect rod.

In E polarization, the rotation of a square rod cannot c
ate defect modes in both supercells, regardless of the a
of rotation. In fact, defect modes do not exist in the PBG
E polarization. The effect of the rod shape on the PBG’s i
2D triangular photonic crystal has been previously repor
@13#. In a triangular photonic crystal consisting of dielectr
rods in air, it was shown that a change in the shape of r
can affect the eigenmodes ofH polarization rather than thos
of E polarization. Thus changes in the spatial distribution
rods due to rotation dominantly affect the eigenmodes oH
polarization.

IV. CONCLUSION

In conclusion, we investigated defect modes created
drilling a hole in a rod and rotating it in a 2D square latti
of square dielectric rods in air by the supercell method
well as those created in a lattice of square metallic rods. IE
polarization, a hole in a dielectric rod created a nondegen
ate acceptor mode inside the PBG, while in a metallic rod
hole resulted in a nondegenerate donor mode below the
off frequency. The frequency of the acceptor mode exten
almost throughout the PBG. The rotation of a square rod

set

FIG. 7. Contour of the squared magnetic field of the don
acceptor pair modes; atu530° ~a! is for the acceptor mode and~b!
the donor mode and atu560° ~c! is for the acceptor mode and~d!
the donor mode. Insets show the rotated defect rods at respe
angles.
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7912 PRE 58KEE, KIM, PARK, AND CHANG
not create defect modes in either supercell, regardless o
angle of rotation. InH polarization, a hole in a dielectric ro
created acceptor modes. The local defect of rotating a sq
rod resulted in a donor mode and an acceptor mode in p
The donor and the acceptor mode moved away from the
and the bottom of the PBG, respectively, as the rotat
angle increased. The defect modes ofE polarization were
strongly localized around the defect rod, as expected. H
ever, one of the defect modes ofH polarization was strongly
tt.

v.

K.

o-

s,

d

h,
he

re
rs.
p
n

-

localized around the other rods surrounding the defect
rather than around the defect rod itself.
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