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Defect modes in a two-dimensional square lattice of square rods
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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 metgod. In
polarization (the electric field parallel to the rod axisa hole in a dielectric rod created a nondegenerate
acceptor mode inside the photonic band aBG), 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 akis 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 &f polarization was strongly localized around the rods surrounding the defect rod
rather than around the defect rod its¢$1063-651X98)13811-4

PACS numbegp): 42.70.Qs, 42.60.Da

[. INTRODUCTION also created in 2D photonic crystals by changing the shape or
the size of one of the artificial dielectric atoms or by replac-
Photonic crystals, which are periodic arrays of dielectricing it with different dielectric materials. The former method
materials, can exhibit frequency regions where electromags more suitable to 2D photonic crystals since the etching
netic waves cannot propagate in any direction. These fretechnology can be best employed to realize the desired struc-
guency regions are called photonic band gdp8G’s, ture.
analogous to electronic band gaps in semicondudtb. In this paper we propose a simple method of creating
Photonic crystals can be used in high-efficiency semiconducdefect modes and investigate the modes created thereby. Our
tor lasers and in light-emitting diodes, optical diodes, solaimethod was to drill a hole at the center of a rod placed at the
cells, optical switches, and higQ-resonant cavities. center of a 2D square lattice consisting of either square di-
Photonic crystals have very useful and attractive properE|ECtl’iC rods or square metallic rods in air. It has been re-
ties that semiconducting crystals do not. Defects in photoni€ently reported that a 2D square lattice of square dielectric
crystals are easily created by either adding or removing dirods in air opens an absolute PBG in higher-frequency re-
electric material from a chosen unit cell in the crystals. Thusgions [10]. The role of the hole in a dielectric rod will be
the defect frequency inside a PBG can, in principle, be sedifferent from that in a metallic rod because the dielectric
lected by designing the shape or the size of a local defect igonstant of the dielectric rod is larger than that of the hole,
photonic crystals. Previous studies have reported that locayhile that of the metallic rod is smaller. We also investigated
defects created by reducing the dielectric constant of one gfefect modes created by rotating a square rod placed at the
the artificial dielectric atoms in photonic crystals or by re-center of 2D square photonic crystals. Because the rotation
moving the dielectric material from the crystals produce ac-Of the rod in effect moves dielectric material from one side to
ceptor modes at the bottom of a PBG. On the other handhe other, the properties of this local defect are expected to
those created by increasing the dielectric constant or by |obe different from those of defects investigated until now. In
cally adding an extra dielectric material produce donorSec. Il we describe our calculational model and method. We
modes at the top of a PB@3,4]. In photonic crystals of present and discuss the defect modes created by the hole and
metallic material§metals, heavily doped semiconductors, orrod rotation in Secs. lll A and Il B, respectively. In Sec. IV
superconductoisit has been observed that local defects creWe summarize the conclusions of this study.
ate defect modes below the cutoff frequeney[5-7]. Re-
cently, it was shown that the defect frequency approaches
as the radius of local defects created by removing metallic
material in a layer-by-layer metallic PBG structure is in-  For the purposes of this study we considered%super-
creased; this is also the case of acceptor modes produced bglls, each containing 25 square dielectric r¢aslielectric
removing the dielectric material in dielectric photonic crys- supercell and square metallic roda metallic supercell A
tals [8]. Defect modes may play an important role in the defect rod was placed at the center of the supercells. Increas-
application of photonic crystals to semiconductor lasers anihg the supercell size may make defect bands slightly nar-
high-Q cavities[3,8]. To date, experimental investigations rower, but will not change its position inside the PBG.
on defects in two-dimensiondRD) photonic crystals have The supercell method was employed to calculate defect
primarily been performed with structures obtained by remov-modes inside the PB{3]. We considered polarization(the
ing dielectric or metallic cylinder$6,9]. These defects are electric field parallel to the rod ajignly for square metallic
similar to the vacancies in semiconductors. Defects can beds because PBG'’s do not existhhpolarization(the mag-

Il. CALCULATIONAL MODEL AND METHOD
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FIG. 1. Frequency dependence of the defect modE pblar- R (in units of a)

ization in a dielectric supercell on the hole radRsormalized to
the lattice constan& of the conventional square lattice. This is a  [/G- 2. Frequency dependence of the defect mode pblar-
nondegenerate acceptor mode. The frequency is normalized {62tion in a metallic supercell on the hole radRsiormalized tea.
2:rc/a and the widthd of the square rod is 05 The inset denotes It |7s a nondegenerate donor mode. The width of the square rod is

the defect rod.

netic field parallel to the rod axisn 2D metallic composites the frequency of the acceptor mode extends almost through-
[11]. The dielectric constant of metallic rods was assumed t@ut the PBG. Since etching technology on a submicrometer
be the free-electron forma(w) =1— wf)/wz, wherew, is the  scale simplifies making a hole at the center of a square rod,
plasma frequency of the square metallic rod. The number othis method is potentially useful in the application of 2D
plane waves used in thE polarization was 6361, which photonic crystals to semiconductor lasers.
corresponds to 253 plane waves for the conventional square Figure 2 shows the frequency dependence of the defect
lattice. Since we consider the PBG below the second bangnode of E polarization in a metallic supercell on the hole
this number yields values that converge well. fFopolar- — radiusR normalized toa; the frequency is also normalized
ization the number of.plane waves used in the calculationg, o.-c/a. The dashed line denotes the cutoff frequengy
)c/ivsrfafg?qz’a ?gr{:t?izznilir;%éotsgsfiPs!?rlg%\ga\e/gii :S?rbt‘t‘\alvgce’ﬂv;]%nd the inset the defect rod. The width of the square metallic
sixth and the seventh ban@i0]. In both polarizations the fod is 0.7% and @p 1S ass_umed_to be unity in un|t$ of

. arc/a. In contrast to the dielectric supercell, a hole intro-
PBG’s calculated for supercells without the defect rod agree@uces a nondegenerate donor mode belgw As the hole

well with those calculated by using the plane waves for theradius increases, the frequency of the defect mode moves

conventional square lattice. farther away from the cutoff frequency, becoming the deeper
donor mode. There is also the threshold radius of almost
Ill. RESULTS AND DISCUSSION 0.2a for a hole required to create the donor mode. This be-
havior is different from that of the three-dimensional layer-
by-layer metallic PBG structurg8]. The defect mode oE
Figure 1 shows the frequency dependence of a defeqiolarization created by the hole is nondegenerate in both
mode ofE polarization in a dielectric supercell on the hole supercells because it originated in the first nondegenerate
radiusR normalized to the lattice constaatof the conven-  band. The role of the hole in dielectric and metallic rods is
tional square lattice. Two dashed lines in the figure denotanalogous to that of group IV dopants in IlI-V semiconduc-
the first PBG between thd point of the first band and thé  tors.
point of the second band for the conventional square lattice Figure 3a) shows the spatial distribution of the squared
when the widthd of the square dielectric rod is @%nd the  electric field (the electric energy densjtyof the acceptor
dielectric constant of the rod is 12.25. The frequency is normode in the dielectric supercell when the hole radius is 0.2
malized to 2rc/a, wherec is the vacuum velocity of light. and Fig. 3b) that of the donor mode in the metallic supercell
The inset denotes the defect rod. As expected, making a holghen the hole radius is 0.85 The electromagnetic field is
in the rod creates an acceptor mode, which is always nondestrongly localized around the defect rod, as expected for a
generate. As the hole radius is increased, the frequency of thecalized defect mode in the dielectric supercell. It has been
defect mode approaches the upper edge of the PBG, i.e., fipinted out that the oscillation of the localized fi¢ig., the
becomes the deeper acceptor mode. There exists a threshalakellite peaks in Fig. (8)] shows the interference or the
radius of the hole required to create an acceptor mode; this istanding-wave pattern of the electric energy density gener-
about 0.5. When the hole radius is (a2 the frequency of ated by defect scatterif@]. The decay length of the local-
the acceptor mode is placed near the center of the PBG. F@wed acceptor mode was determined to be Ce6#4m the
example, whema=1.0 um, d=0.5um, and R=0.2 um, central peak. Interestingly, in the metallic supercell the elec-
the PBG lies in the regioh =4.13—3.01um and the corre- tromagnetic field is also localized around the defect rod with
sponding defect wavelength }s=3.44 um. We notice that no oscillation present; this can be explained by the fact that

A. Defect modes created by a hole
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ization in a dielectric supercell on the hole radRsormalized to
®) a. The width of the square rod is 0.64
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w
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tor modes. The frequency of doubly degenerate mods 2
increases rapidly in comparisonip, asR increases and that
of D3 increases very slowly in comparison ®,. These
behaviors give rise to intersections of the defect mod@ss:
and D, nearR=0.1a andD; andD, nearR=0.27%.

Figure 5a) shows the spatial distribution of the squared
magnetic field, i.e., the magnetic energy density, of the ac-
ceptor modeD; of H polarization when the hole radius is
0.12% and Fig. %b) shows that oD when the hole radius
is 0.3. As expected, the electromagnetic field»f is also
localized around the defect rod. There is also an oscillation
of the localized field, as in Fig.(8), for the electric energy
density. Interestingly, the electromagnetic field»f is not
localized around the defect rod itself, but is strongly local-
ized around the rods surrounding the defect rod. Therefore,
the effect of the hole ifD ; is much smaller than those in the
FIG. 3. Spatial distribution of the squared electric field@fthe  other defect modes. This explains well why the frequency of
acceptor mode d polarization in the dielectric supercell when the D, increases very slowly aR increases.
width of the square rod is Oaband the hole radius is (a2and (b)
the donor mode oE polarization in a metallic supercell when the .
width of the square r%d is 0.@5and the hole radil?s 0.35 B. Defect modes created by rotation
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square of electric field (arb-

Figure 6 shows the frequency of defect modesHopo-
metallic materials prevent electromagnetic fields from interdarization created by rotating a square rod as a function of the
acting with each other.

rotation angles of the rod in a dielectric supercell. The width
Defect modes ofH polarization created by a hole are of the square dielectric rod is 0.84and its dielectric con-

complex and interesting. Figure 4 shows the frequency destant 12.25. Dashed lines denote the first PBG and the inset

pendence of the defect modeldfpolarization in a dielectric  represents the defect rod rotated by 45°. Since the rotation of
supercell on the hole radiu® normalized toa. The two

a square rod moves dielectric material from one side to the
dashed lines in Fig. 4 denote the first PBG betweenlIthe other, the local defect of rotating a square rod creates a donor
point of the sixth band and the point of the seventh band mode (solid circle and an acceptor mod@pen circle in

for the conventional square lattice when the widtlof the  pairs, i.e., the donor-acceptor pair mode. The donor and the
square dielectric rod is 0.@4and its dielectric constant is

acceptor modes move away from the top and the bottom of
12.25. Since the PBG is the gap between the higher bands,tae PBG as the rotation angle increases, respectively, thus

large number of defect modes appear in the PBG when thBecoming the deeper donor-acceptor pair mode. The fre-
hole radius is further increased, in contrast tohpolariza-  quencies of donor-acceptor pair modes at a rotation afigle
tion whose first PBG is the gap between the first and secondre equal to those at a rotation angle 9@, as expected.

bandg[12]. The solid lines and symbolgD; distinguish be- The frequency difference between the donor and the top of
tween the defect modes, whagés the degree of degeneracy the PBG is nearly equal to that between the acceptor and the
of the defect mode anil is the order in which the defect bottom of the PBG. The amount of dielectric material shifted
mode appears inside the PBG Rsincreasesg is omitted ~ as the rod rotates by the angte AS(6), is 0.25° (e,
when a defect mode is nondegenerate and the inset denotes,)(cos * —1)(sin * #—1), where ¢, is the dielectric

the defect rod. Open circles denote doubly degenerate accegonstant of a square rod arg that of air. AS(6) is maxi-
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FIG. 7. Contour of the squared magnetic field of the donor-
acceptor pair modes; @t=30° (a) is for the acceptor mode argt)
the donor mode and &= 60° (c) is for the acceptor mode arid)
the donor mode. Insets show the rotated defect rods at respective
angles.

mum at #=45° andAS(8)=AS(90°— #), explaining well
the dependence of the donor-acceptor pair mode on the rota-
tion angleé.

Figure 7 illustrates the contours of the squared magnetic
field of the donor-acceptor pair modes. Figurés and 1b)
are those of the acceptor mode and the donor mode at
0#=30°, Fig. Ac) that of the acceptor mode, and Figdy

FIG. 5. Spatial distribution of the squared magnetic field of thethat of the donor mode &= 60° or —30°, respectively. The
acceptor modea) D, of H polarization in a dielectric supercell gray square denotes the rotated rod. The magnetic field is

when the hole radius is 0.128%nd(b) D3 when the hole radius is

localized around the rotating rod and rotates in the same

0.3a. In both cases, the width of the square dielectric rod is®.64 djrection as the defect rod.
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FIG. 6. Frequency of defect modesldfpolarization created by
rotating a square rod as a function of the rotation amgé the rod
in a dielectric supercell. The width of the rod is 0Oe6450lid circles

In E polarization, the rotation of a square rod cannot cre-
ate defect modes in both supercells, regardless of the angle
of rotation. In fact, defect modes do not exist in the PBG of
E polarization. The effect of the rod shape on the PBG's in a
2D triangular photonic crystal has been previously reported
[13]. In a triangular photonic crystal consisting of dielectric
rods in air, it was shown that a change in the shape of rods
can affect the eigenmodes idfpolarization rather than those
of E polarization. Thus changes in the spatial distribution of
rods due to rotation dominantly affect the eigenmodesl of
polarization.

IV. CONCLUSION

In conclusion, we investigated defect modes created by
drilling a hole in a rod and rotating it in a 2D square lattice
of square dielectric rods in air by the supercell method as
well as those created in a lattice of square metallic rod& In
polarization, a hole in a dielectric rod created a nondegener-
ate acceptor mode inside the PBG, while in a metallic rod the
hole resulted in a nondegenerate donor mode below the cut-

denote donor modes and open circles acceptor modes. The ingeff frequency. The frequency of the acceptor mode extended

denotes the rotated defect rod By 45°.

almost throughout the PBG. The rotation of a square rod did
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not create defect modes in either supercell, regardless of tHecalized around the other rods surrounding the defect rod
angle of rotation. IrH polarization, a hole in a dielectric rod rather than around the defect rod itself.

created acceptor modes. The local defect of rotating a square
rod resulted in a donor mode and an acceptor mode in pairs. ACKNOWLEDGMENTS
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