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Defect and transmission properties of two-dimensional quasiperiodic photonic band-gap systems
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It has recently been demonstrated that two-dimensional photonic band gaps can be realized in systems
comprising of a quasiperiodic arrangement of dielectric cylinders. We show that waveguides crafted out of
such photonic “quasicrystals” can be used to guide light around sharp corners, just as in the case of periodic
photonic band-gap systems, but the quasiperiodic systems tend to be more frequency selective. Because of the
absence of translational symmetry, these quasiperiodic photonic band-gap structures also display richer defect
properties. Spectral gaps for both the TM and TE polarizations in the same frequency range can be realized in
metallodielectric configuration§S0163-182@9)10505-§

[. INTRODUCTION when “line” defects are introduced to create light guides.
We found that the behavior is in general more complex than
Photonic band-gagPBG material has received a lot of periodic PBG materials. We also examine the possibility of
attention in recent years’ From a material point of view, using metallodielectric materials to facilitate the formation of
PBG material is a remarkable example of material by designPhotonic gaps common to both the TM and TE polarizations.
It is a new class of composite material which does not exist
in _nature, but is conceived, 'designed, and made by man. The Il. METHOD OFE CALCULATION
existence of a spectral gap in the electromagr&id) wave
spectrum opens up many exciting possibilities, such as the In this paper, we will study the defect properties and the
suppression of spontaneous emissidhe possible observa- transmission and scattering properties of waveguides derived
tion of interesting quantum interference effettnd the re- from quasiperiodic PBG structures. The two computational
alization of strong photon localizatiohMany potential ap- methods employed are already described in detail
plications including quantum electronic devices, distributed-elsewheré?*and we will only provide a brief description
feedback mirror, light-emitting diodéshigh-Q cavities!  in the following.
microwave antennae substrdt@nd optical waveguidés The existence of spectral gaps and the defect properties of
have further fueled the interest in PBG research. quasiperiodic photonic materials are studied with a “finite-
PBG materials are frequently viewed as photonic analogglifference—time-domain” methotf. The time evolution of
of electronic semiconductors, and the term “photonic crys-the fields as governed by the Maxwell equations are solved
tal” has been coined and used in many occasions to represn a uniform grid in both the spatial and the time domain.
sent manmade inhomogeneous material with a periodic teX¥hen the boundary conditions are given and the fields are
ture that exhibits photonic gaps. For electronic materials, thepecified at any instant=0, the spatial derivatives, and
research activities have extended progressively from thbence the “curls” of the fields can be determined using finite
study of the perfect crystal to the properties of defects, surdifferences. The Maxwell equations then give the time de-
faces, and eventually to the noncrystallifeeich as quasip- rivatives of the fields which allow us to update thkr,t)
eriodic and amorpholyienvironment. For the case of bulk andE(r,t) fields in the time domain. The fieldd(r,t) and
photonic crystals, the structure and the related optical prope(r,t) can then be recorded as a time series for some sam-
erties have been studied both in two and three dimensiongling points in the system, and for a sufficiently large num-
although new ideas to improve photonic gaps are stilber of time stepgwhich governs the resolution in the fre-
emergingt® The properties of defects and surface states havquency domai) the time series are Laplace transformed to
been considered and well documentednd these studies the frequency domain to obtain the spectral intensities. The
already represent a step beyond crystallinity, but the considntensity at a particular frequency depends on the projection
erations are still based on the periodicity of a perfect photoef the initial field onto the normal modes of that frequency.
nic crystal. It would be interesting to take one step furtherThe initial field intensities are chosen to be random numbers,
and investigate what happens to the photonic gap if we dand the corresponding spectral intensities correspond to the
away with the periodicity. Is the photonic gap still there, anddensity of states. Thus, the existence of a photonic gap can
if so, how would the overall properties be affected? Re-be found rather straightforwardly. This method is an “order
cently, it has been shown that photonic gaps can be found i(N)” method, in the sense that the computational effort
a two-dimensional2D) quasiperiodic arrangement of dielec- scales linearly with the number of grid points, which itself
tric cylinders, demonstrating the existence of photonic gapscales linearly with the system size. In contrast, the compu-
without periodicity and translational symmetryThe pur-  tational effort of band-theoretic techniques like the popular
pose of this paper is to examine in greater detail the propertplane-wave methdd generally scales like the third power of
of such quasiperiodic photonic band-gap systems whesize of the system. This method was conceived and derived
“point” defects are introduced to make microcavities and from our previous experience with molecular dynamics,
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FIG. 2. TM mode density of states for a missing cylinder at
positionA (see Fig. L

FIG. 1. Schematic figure showing the octagonal quasiperiodi
arrangement of cylinders. The cylinders occupy a volume fractio
of 30% and have=10 and the background has- 1.

Sield aligned along the axis of the cylinders and the magnetic
ields are in the 2D plane, while TE modes refer to modes
with their H field along the axis of the cylinders and tke

. . : : . field in the 2D plane.
where velocity-velocity correlation functions can give pho-

non normal-mode frequencies. When adapted to EM waves,
we found that the approach is essentially the same as the
finite-difference—time-domain method that was very popular In the density of states calculations, the finite difference
in the engineering field® algorithm requires a specific boundary condition. We found
The transmission properties are studied with a multiplethat it is most convenient to impose the periodic boundary
scattering formulation®*° which is best suited for a finite conditions on a square sample. Most of the calculations are
collection of cylinders with a continuous incident wave of done with a sample containing 164 cylinders, discretized on
fixed frequency. For circular cylinders, the scattering prop-a 616x616 grid. We typically use & 10° time steps in the
erty of the individual cylinder can be obtained analyticafly, simulation, with each time step of the order of £a/c).
relating the scattered fields to the incident fields. The totaBince the periodic boundary condition is imposed, the fields
field, which includes the incident plus the multiple-scatteredcan be written in the Bloch form. The results reported below
field, can then be obtained by solving a linear system otre calculated with sampling at the=0 Bloch momentum.
equations, whose size is proportional to the number of cylSince our “supercell” is large, this sampling is adequate
inders in the system. Both near field and far field radiationexcept for frequencies lower than=0.15. At low frequen-
patterns can be obtained straightforwardly. Such an approaciies (below w=0.15), the calculated DOS become a collec-
is a very efficient way of handling the scattering problem oftion of isolated peaks and the gaps in between are artifacts of
a finite sample containing cylinders of circular cross sectionshis finite sampling due to the low density of modes at low
(or spheres in three dimensigris an arbitrary arrangement. frequencies. Fow<1, we observe four major spectral gaps
at aboutw=0.3, 0.55, 0.75, and 0.82. These gaps are the
IIl. RESULTS consequences of the quasiperiodic arrangement of the cylin-
ders, and has nothing to do with artificial periodic boundary
Before we go into the numerical results, we discusscondition we imposed in the simulation. The “supercell” we
briefly the octagonal quasiperiodic structure its&Mfit is used in the simulation is reasonably large, and if the gaps are
formed by placing dielectric cylinders with circular cross an artifact of the periodicity of the supercell, the lowest gap
sections in the vertices of a two-dimensional octagonal quashould appear at a much lower frequency than the first spec-
siperiodic lattice. The cylinders have=10 and occupy a tral gap shown in the following density-of-state pldtee,
volume fraction of 30% in a background ef=1. The 2D  for example, Fig. 2 This point has already been established
octagonal quasiperiodic pattern is tiled by squares and rhonearlier'!
buses(with an acute angle of 45°) of equal side length In 2D PBG systems consisting of an array of cylinders, a
Unless otherwise specified, all angular frequencies referrestructural defect can be formed simply by the removal or the
to in this paper are measured in units af@&/a), wherecis  displacement of one cylinder. Such a structural defdot
the speed of light and is the length of a side of the square missing cylinderscan be regarded as a microcavity and it is
or the rhombu¥ in the octagonal tiling. The arrangement of well established that spatially localized defect modes can be
the cylinders is shown schematically in Fig. 1, and the posiformed. If we have a periodic PBG system to start with, the
tions marked A, B, C, D, and E are some sites from whichremoval of one single cylinder will create one fixed set of
cylinders will be removed in order to study defect statesdefect states. Unlike periodic systems, the quasiperiodic ar-
Such structures give rise to spectral gaps in TM polarizedangement does not have translational symmetry and the cyl-
modes. In this paper, TM mode refers to modes withEhe inders have different local environments. Thus, the proper-

A. Defect properties
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ties of the defect states depend on which cylinder is being
removed, leading to a large variety of possibilities. To illus-
trate this point, we first remove one cylinder at stdsee

Fig. 1), which is surrounded by eight nearest-neighbor cyl-
inders. The corresponding TM mode density of states are
shown in Fig. 2, and defect states appear as isolated peaks in
the spectral gaps. We find defect states in the first, second,
and fourth gaps at about=0.34, 0.51, and 0.82, respec-
tively. The electric field intensitiesE(ﬁ) of these modes pro-
jected onto a 2D plane for these modes are shown in the
three panels in Fig. 3, respectively. Since these defect states
have frequencies that are forbidden in the quasiperiodic lat-
tice, they have to be localized around the defect site, which is
precisely what is observed in the figures. We now remove a
cylinder at siteB (see Fig. 1 The corresponding DOS for
the system with this defect is shown in Fig. 4, which shows
a defect state in the second gap witk= 0.55. Defect states
are not observed in other gaps for this defect configuration.
The mode intensity for this mode is shown in Fig. 5. Due to
the change in the local environment of the missing cylinder
at siteB (Fig. 1), the number of defect modes, their frequen-
cies and the spatial distribution of the defect modes are quite
different from those of the defect states at #eWe note
that removing the central cylindé€A) can induce a defect
state in the first gap while removing a cylind®) surround-

ing the central cylinder failed to do so. It can be rationalized
by the fact that the effective microcavity formed by remov-
ing cylinder A is larger in size than that of cylindB; and
hence siteA can accommodate a defect mode of a lower
frequency. We now remove a cylinder at Seagain result-

ing in another set of defect states. From the DOS shown in
Fig. 6, we observe that defect states are formaod=a0.34 in

the first gap, and ab=0.83 in the fourth gap. The corre-
sponding mode intensities are shown in Fig. 7. It is interest-
ing to note that the defect state in the first gap for the missing
cylinder at siteC has nearly the same frequency as the defect
mode in the first gap at sitd. However, the field pattern of
these two defect modes are rather different. For complete-
ness, we also show defect modes caused by removing cylin-
ders at other sites, such BsandE in Figs. 8 and 9, respec-
tively. For siteD, we show the mode intensities for a defect
mode in the first gap Fig. 10, and for sig we show the
mode intensities for defect modes in the second and the third
gaps in Fig. 11. In general, the field patterns have more
nodes and are more complicated for the defect modes with
higher frequencies. Quasiperiodic photonic band-gap sys-
tems may be useful since most of the defect modes in 2D
systems that are conceived to be useful in applications are
cavity modes created by the removal of a cylinder. It is clear
from these results that the quasiperiodic structure offers a
great variety of possibilities for creating and controlling the
number of defect modes as well as the defect mode frequen-
cies and mode intensity distributions.

()

B. Right-angled waveguides

Mekis et al® have demonstrated that a waveguide con- FIG. 3. 2D projections of thé&-field intensity of some defect
structed from a 2D periodic photonic band-gap structure camodes for a missing cylinder at positidn The top panel is for the
bend light around sharp corners. A 2D PBG structure withdefect state withw=0.34 in the first gap; the middle panel is for the
multiple photonic gaps for TM polarized EM waves can bedefect state withwo=0.51 in the second gap; and the bottom panel is
constructed by arranging dielectric rods in a square array an@" «@=0.82 in the fourth gagsee Fig. 1
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FIG. 4. TM mode density of states for the configuration with a  FIG. 6. TM mode density of states for the configuration with a
missing cylinder at positioB, showing a defect mode in the second missing cylinder at positio (see Fig. 1
gap(see Fig. 1

a waveguide can be formed by removing a row of rods in
such a structur@EM waves with frequencies inside the pho-
tonic gaps can only travel inside the channel of missing rods
but not inside the bulk of the photonic crystal, and thus the
channel of missing rods can serve as a waveguide. When a
waveguide formed from removing a row in tixedirection
terminates abruptly and is joined by another waveguide
formed by removing a row in thg direction, a sharp 90°
bend is formed. Normally, light will leak out of an ordinary
waveguide(whose function typically depends on the prin-
ciple of total internal reflection when it turns abruptly
around a corner. However, light cannot leak into the PBG
medium if the traveling wave has frequency inside the pho-
tonic gap. The incident wave can only be transmitted, or
reflected back. A numerical simulatibshowed that highly
efficient transmission can be obtained for such PBG
waveguides with right-angled bends, while the detail of the
results depends somewhat on the detail of the structure at the
corner of the 90° bend. We expect that similar behaviors
should be observed when we carve waveguides out of qua-

(a)

(b)

FIG. 7. E-field intensity of some of the defect modes localized
near a missing cylinder at positidd. The top panel for the state
FIG. 5. E-field intensity of the defect mode in the second gap with «=0.34 and the bottom panel for the state witk-0.83 (see

localized near a missing cylinder at positiBn(see Fig. 1L Fig. 2).
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FIG. 8. TM mode density of states for the configuration with a
missing cylinder at positio (see Fig. L

siperiodic PBG materials. We note that there exists straight G- 10 Efield intensity of a defect mode in the first gap lo-
rows of cylinders in both the andy directions in the 2D calized near a missing cylinder at positibn(see Fig. 1
octagonal photonic quasicrystal, and thus right-angled

waveguides with well-defined directions can be formed by (Ko (w2 RS ,
removing rows of cylinders. With a finite sample of the oc- uinc(x,y)—(z) Jl dy’| Ho(kop )+|;H1(kop )|y
tagonal PBG structure, we made such a channel with a right- (1
angled bend which is shown schematically in Fig. 12, where ) .

two missing rows of rods intersect at a site which is sur-Wherep’=x“+(y—y’)*, andHy, is the Hankel function of
rounded by eight nearest-neighbor rddite A in Fig. 3. In  the first kind. The Poynting vector is given by

order to investigate the transmission property of such a con- ¢

figuration, we probe the system with a continuous wave with S(p)==——Im[u(p)Vu*(p)], )
a fixed frequencyw. The s-polarizedTM) wave enters the 87k
e 1 S A whereu(5) i he vilue O, at psiion n e 20 lae

reference, we also show the forward transmitted power in thd he fields u(p) are calculated by a multiple-scattering
far field as dotted lines in Fig. 13. For an easier comparisonformalism.~ The transmitted power at positidhcan be ob-

we have magnified the forward transmitted power by a factof@ined by integrating the Poynting vector of the fields exiting
of three. The source of the probe beam is &3%tif width 4a  from the aperture at that position and normalized by the in-
positioned at a distanceabaway from the sample. In this tegrated power at the aperture at positigrwhere the EM
case, the incident field can be obtained from the Kirchoffvave enters the channel. We first focus on the configuration
integral formula. In two dimensions, for a plane wave,diven in Fig. 12a). The dotted line in Fig. 1@) is the trans-
expkyX), incident fromx<0, the diffracted wave in the re- Mitted power for a range of frequencies measured in the
gion x>0 arising from a slit centered at origin with an open- forward direction for this conflggratlon. If the system does
ing of width w in the y direction is given by not ha\_/e a spectral gap at a particular fr'equency, at least part
of the incident wave can penetrate straight through the PBG
material and will be detected in the forward direction. There-
fore, the absence of the forward transmitted power signals a
stop band for that incident directiGiWe will now focus on

the stop band frequencida/here the dotted lines are zg¢ro
and look at the power measuredGtwhich represents trans-
mitted power around the corner. We see that there is nearly
no power being transmitted by the right-angled waveguide in
first stop band neaw=0.3. A rough estimate, treating the
opening of the channel as a simple metallic waveguide,
shows that the lowest frequency mode allowed in the wave-
guide is higher than the maximum frequency in the first gap.
(There is transmittance for frequencies lower than the first

DOS (arbitrary units)

| stop band due to diffraction of the beam through the sample.
0.2 04 0.6 0.8 1 We will consider the case of a wider channel later but for the
o moment, we examine the transmission for frequencies in the

second stop band, at abaut=0.55. Here, the incident wave
FIG. 9. TM mode density of states for the configuration with a has shorter wavelengths and there is clearly transmittance in
missing cylinder at positioit (see Fig. L the spectral gap measured @tas the EM wave is guided
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(b)

FIG. 11. E-field intensity of some defect modes localized near
the missing cylinder at positiok. The top panel is for the defect
state in the second gam & 0.53), and the bottom panel is for the
state in the third gap«4=0.76) (see Fig. L

through the channel and around the sharp corner. The behav-
ior is somewhat different from that of the waveguide chan-
nels crafted out of periodic PBG systems, where the trans-
mission efficiency is very high for nearly all frequencies
inside the gaf.The transmission spectrum for quasiperiodic
structure is rather rich in structure and only some frequencies
get near perfect transmission. This difference is due to the
property of quasiperiodicity of the host lattice. It has been
demonstrated that in one-dimensional quasiperiodic photonic
band-gap systenm(stacks of two different materials arranged
in a Fibonacci sequengethe transmittance spectrum is
highly structured* Our PBG waveguide is formed by re-
moving material from a quasiperiodic system, and the result-
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FIG. 12. Schematic figure showing right-angled waveguides

formed from removing a row of cylinders in a quasiperiodic PBG
system. PaneléA), (B), and(C) differ only in the arrangement of
cylinders at the bend. A continuous wave of angular frequency
enters the system at apertukeand the transmitted power is moni-
tored at positiorC.
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FIG. 13. The transmitted power measured in the forward direc-

ing structure is an one-dimensional channel bounded by fon (dotted ling and at positiorC (solid lineg corresponding to the
wall of quasiperiodic modulation. Since the channel formedhree configurations depicted in Fig. 12. The transmitted power
by removing one row of cylinders is narrow, the effect of themeasured in the forward directiqdotted ling has been magnified
boundary is rather significant and we thus see a highly struahree times. The absence of forward transmitted power through the
tured transmission spectrum with high transmittance only foPBG material indicates stop bands.
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FIG. 14. Schematic figure showing another right-angled wave-
guide configuration formed from removing two rows of cylinders in ,
a quasiperiodic PBG system. A continuous wave of angular fre- 0.2 0.4
quencyw enters the system at apertuxeand the transmitted power ®

is monitored aiC.

FIG. 16. TE mode DOS for the octagonal quasiperiodic metallic
some frequencies inside the frequency window set by theylinder array.
spectral gap. The 90° bend basically serves as a coupler

between two channels in different directions and thus t.heﬁnes are the transmitted power passing through the PBG

arrangement of cylinders at the bend is important. This po'ngystem in the forward directiofmagnified three timesand

is illustrated by comparing the transmission properties of ) -
few right-angle waveguides as depicted in Fig. 12. Only thgkln absence of transmitted power through the system indi

structure at the corner is different, and we can see from thgates the existence of a spectral gap in that direction. The

corresponding calculated transmission spe(fig. 13 that S,Ol'd line is the transmitted power that go.es'through Fhe
the frequencies with high transmittance are not the samdignt-angled bend. We now see some transmission at position

The bend apparently “picks” some particular frequencies toC for fr_equencies the first gap. This is_becagse the c_hanne_l is
transmit. now wider. Compared with the configurations depicted in
As in the case of defects, the quasiperiodic arrangemerﬁig- 12, this wider channel with straighter boundary is less
of cylinders offer many different possibilities in crafting selective in frequency but the transmission spectrum is still
waveguides. In Fig. 14, we show another waveguide contather spiky. We expect that the difference between the trans-
figuration created by removing cylinders resulting in amission characteristics for periodic and quasiperiodic PBG
slightly wider channel. In contrast to the configurationsWwaveguides will fade away as the channel grows wider.
shown in Fig. 12, which have wavy boundaries, this configu- From these results, we see that quasiperiodic PBG mate-
ration has straight boundaries. The corresponding transmigial can also guide light around sharp corners, but it is more

sion spectrum is shown in Fig. 15. Here again, the dottedrequency selective as compared with periodic PBG. There is
then a possibility that the quasiperiodic PBG system can

serve as a light guide with filtering effect.
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FIG. 15. Transmitted power measured in the forward direction ~ 0-2 0.4 0.6 0.8 1 1.2
(dotted ling and atC (solid lines corresponding to the situation o

depicted in Fig. 14. The transmitted powers measured in the for-
ward direction(dotted ling through the PBG material have been FIG. 17. TM mode DOS for the octagonal quasiperiodic metal-

magnified three times for an easier comparison. lic cylinder array.
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C. Metallodielectric configurations group of states neas= 0.8 are highly localized about some

The structure shown in Fig. 1, which consists of isolatedSit€S in the PBG systems, while the states abovel look
high dielectric cylinders in a lower dielectric background,delocal'zed- Metallodielectric structures as PBG materials

has spectral gaps for TM modes. Such structures do not havér d|ffe3r2e4nt applications have been advocated by a few
complete photonic gaps for the TE modes. We found tha_groups? ” This type of metaIIodleIectnc_structure may havg
spectral gaps for TE modes require a connected structure §§ OWn disadvantage because of possible strong dissipation
high dielectrics and can be realized in a connected vein stru&ffects of the metallic elements, depending on the operating
ture as shown in Fig. 5 of Ref. 11. Although the two polar- frequency range. On the other hand, they have some advan-
izations are decoupled in two dimensions, it would be nice ifl29€ Since we can easily control the position of the gaps by
we can find a structure that supports photonic gaps simulta/27ying the dielectric constant of the dielectric backgrqund
neously for both polarizations in the same frequency rangenaterial. For example, the frequency of the gaps basically
We found that there is at least one such possibility, if we us§cales inversely age of the background material. We can
metallodielectric elements. Such a system can be realized 3{pus have spectral gaps at lower frequencies by employing a
replacing all the dielectric rods in Fig. 1 by ideal metallic higher dielectric background material without changing the
cylinders. The metallic cylinders are chosen to have radii ofPhysical dimensions of the photonic quasicrystal.

0.3a. The perfect metal is modeled by setting all théelds

to zero in each of the time steps in the simulation, and physi- IV. SUMMARY

cally it means that the metallic domain corresponds to a re-
gion that repels fields. The simulations are done for system;0
containing 478 cylinders, with a 2062000 grid. The DOS
for the TE modes and the TM modes are shown in Figs. 1
and 17, respectively. The TE mode D@Sig. 16 exhibit
spectral gaps at about=0.39 and 0.53. The frequency
ranges of these gaps are also forbidden in the TM modes,
can be observed in Fig. 17. It is possible that for a systemy;
with more cylinders, a small gap can open at abaut

Point defect§missing cylindersand line defect$missing
ws of cylinderg can be used to create highly localized
efect modes and to form waveguides in photonic band-gap
ystems. These effects depend on the rejection of EM waves
in the photonic band gap and as long as quasiperiodic PBG
systems have photonic gaps, we should see these effects as in
e case of periodic PBG systems. However, the intrinsic
fference between aperiodic and periodic systems, such as
i ) 4 the absence of translational symmetry and the difference in
=0.95;” which is also forbidden in the TM mode. Although e propagation characteristics, lead to some differences.
this system of isolated metallic cylinders embedded in a d'For example, the defect properties become much richer and
electric background has the same geometrical arrangement s, “light guiéie” derived from aperiodic PBG structures be-
the isolated.dielectric (_:ylinder arrangement s_hown in Fig. .1comes more frequency selective. These extra complexities
there are d|ﬁerences in the way they give rise to phOton'q‘nay be exploited in some situations to provide better tunabil-
gaps. The metallic component excludes fields, so that the E v in certain PBG applications. Spectral gaps common for
wave in this case actually passes through the material in thgo, the TM and TE polarizations can be achieved in metal-
dielectric background, which forms a percolated structurgqgje|ectric quasiperiodic photonic band-gap system. We are
having the symmetry of an octagonal quasiperiodic lattice. Iy searching for aperiodic structures that support spectral

a way, the metallic cylinder configuration is quite similar to aps for both polarizations in the same frequency range with
the connected vein structu(Eig. 5 of Ref. 1) that supports gieﬁ)ectric mat(frial only. q yrang

TE mode photonic gaps. For the TM mode, thdield is
parallel to the axis of the metallic cylinders and thdield
has to be zero on the surface of the cylinder. It is expected

that em waves with wavelength less than the typical separa- We thank CCST-HKUST for computer time on the Para-
tion between the cylinders cannot pass through thegon. S.C. and C.T.C. were supported by RGC Hong Kong
medium?® and hence there is a gap at the lower frequencieshrough HKUST6136/97P. L.M.L. and Z.Q.Z. were sup-

By examining the field intensity plots, we found that the ported by HKUST6137/97P.
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