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We introduce a fresh class of photonic band-gap materials, curvilinear-lattice photonic crystals,
whose distinctive feature is that their individual scatterers are arranged in a curvilinear lattice. We
show that adhering to some restrictions in the acceptable lattice transformations, one can achieve
omnidirectional photonic band gaps for an entire subclass of such structures. We demonstrate,
designing an efficient arbitrary-angle waveguide bend, that curvilinear-lattice photonic crystals can
be employed for creation of original types of nanophotonic devices20@4 American Institute of
Physics. [DOI: 10.1063/1.1760222

One of the most interesting and important achievement$PQC3$°~8 have substantiated the validity of this assertion in
of modern optics is the discovery that the density of photonidhe case of PBG materials.
states in some artificially manufactured optical materials can Based on this analogy with atomic and molecular crys-
be controlled in a dramatic fashion—right up to the completetals and quasicrystals, researchers have to date limited their
vanishing of photonic states in certain intervals of wave-Study to only three basic ordering types of photonic struc-
lengths, the so-called photonic band ghpBuch materials f[ures: crystalline, quasicrystalline, and amorph@ssuming

are widely known as photonic band gépBG) materials or in the latter case the presence of some level of disorder
photonic crystal{PCs9. The last term reflects the fact that However, in the case dirtificially manufactured PBG ma-

. . . rials there is no inherent limitation for th restrictions. A
commonly studied designs of PBG materials are based otr'l3 als there Is no inherent limitation for these restrictions. As

o . . . a result, other sophisticated forms of ordering may also lead
periodic modulation of the refractive index in two or three P g may

o - o to PBGs and the resulting structures may exhibit advantages
spatial directions. Investigations of perfectly periodic struc-,,qr existing PC and PQC structures. A profound theoretical
tures are historically favored by the analogy to the openingjiscyssion, employing the scaling theories of light localiza-

of electronic band gaps in atomic and molecular crystalstion to discuss the corresponding different coherence length
Due to the periodicity of these structures, the spectrum o§cales has been given by John.

electronic states is organized into an infinite series of elec- In this letter we introduce a fresh subclass of PBG ma-
tronic bands, with a possibility to open gaps between themterials, which we name curvilinear-lattice photonic crystals.
The same holds for the spectra of photonic modes insiddheir distinctive feature is that individual scatterers are ar-
materials with sufficiently high-contrast periodic modulation fanged in a curvilinear lattice. As an illustration, we explic-
of the refractive index. itly discuss the example of a two-dimensional photonic crys-

For a long time, structural periodicity has been consid-1al formed by a system of silicon cylindetwith refractive

ered as a vital force for opening various types of band gapéndexn=3.4) situated in an air background. For the sake of

However, after the experimental discovery of electronic qua_5|mpI|C|ty, we assume hereafter that all cylinders have the

. . : . . same radiug =0.16a, wherea is an average distance be-
sicrystals in 1984,it has been ascertained that the domlnamlween nearest-neighbor cylinders. The standard arrangements

rolg .in opening bgnd gaps .is played by thelshort-ra_nge PET5¢ cylinders that are studied with respect to the opening of
odicity. Recent investigations of photonic quaswrystalsphotoniC band gaps, include square lattifslsown in Fig.

1(a)], triangular latticegshown in Fig. 1b)], and various
aElectronic mail: kurt.hingerl@jku.at types of quasicrystalline latticés® In all cases, there exists
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FIG. 1. Top views of photonic structures with different arrangements of ”g 0.0001f
dielectric cylinders:(a) square-lattice structurdp) triangular-lattice struc- =~ oS o . . . .
ture; (c) curvilinear-lattice structure with an embedded waveguide which st 2 4 6 8

allows one to construct aarbitrary-angle waveguide bendue to the

construction principle, the local symmetry of the curvilinear lattice trans-g|g. 3. (a) Local density of stateé_DOS) calculated forx = 2.5a for the

forms between an almost-squaiadicated by full arrowsand an almost-
triangular(indicated by dashed arroykattices.

a large complete photonic band gap férpolarized light
(i.e., with the electric field parallel to cylinderdlt is very

curvilinear-lattice structure with embedded waveguide shown in Kig); 1
(b) LDOS profile along the line marked i@ by the dashed white line.

tonic band gap in the entire curvilinear-lattice PC.
One example of such an “allowed” curvilinear-lattice

intriguing to note that the spectral position of the PBG forp- gircture is shown in Fig.(@. Here, the cylinders are

our choice of cylinders is almost unchanged for different

types of lattices: It lies in the wavelength interval 1aS5n
<3.1% for the triangular lattice and in the interval 245
<\ <3.1a for the square lattice.

positioned at a sequence of circles with radii varying fram
to 6a, keeping the radial and tangential distances between
cylinders close t@. The rods in the third circle are carved
out, creating a waveguide with an arbitrary-angle waveguide

This fa}ct brin.gs up the quegtion: Which other stretchingbend' Due to the construction algorithm, each local sur-
and shearing lattice transformations keep the band gap in tl]%unding in Fig. 10) is very close to one of the lattices

same frequency interval? To clarify this issue, we present i
Fig. 2 the band-gap map for various uniform lattice transfor-
mations in the systems of periodically arranged dielectri
rods. We consider shearing transformation which vary th

angle ¢ between the lattice vectora; and a, within the

interval 60<$<90°, and the stretching transformations

leading to variations in the lattice constamtthat do not

exceed about 15%. This map demonstrates that the fund
mental band gap foE-polarized light is retained in the in-

terval of wavelengths 2.5<\ < 3.1a for all lattice transfor-

mations considered. Therefore, one can expect that a
smooth transformationsvhich keep the distance between

nearest-neighbor cylinders closeacshould retain the pho-
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FIG. 2. Photonic band-gap map fBrpolarized light in a perfectly periodic
PC made of dielectric rod$with radiusr=0.16a and refractive index
n=3.4) under various uniform lattice transformations, calculateczbyp-

"Lonsidered in Fig. 2. A careful inspection of FidclLreveils
several smooth transitions between regions of an almost-
quuare latticele.g., those indicated by full arroyvaind re-
egions of an almost-triangular lattide.g., those indicated by
dashed arrows

However, one can harbor natural doubts as to whether
the “smooth” transitions between square and hexagonal lat-
fices in Fig. 1c) are really smooth for accepting the argu-
mentation based on the analysis of Fig. 2. A crude estimate
for this moot point is provided by the localization
"riterion?® The penetration depth.,, of the electromag-
netic field into the photonic crystal can be calculated within
a parabolic approximation of the bands near the PBG as
Nenv= |l (wegqe— @)|Y2 Here, w=(2mc/\) is the fre-
quency of light inside a photonic band gap whose band edge
iS at wegge, and a=(&2w/ak2)|kedge is the inverse effective
photonic mass at the band edge with wavevedtgjye
=Kk(wegga- Finally, c is the speed of light in vacuum. The
calculations for the square and triangular lattices predict that
the field penetration depth at the center of the band gap is
less than 0.7&. Therefore, although the lattice transitions ex-
ploited in Fig. Xc) occupy only about two lattice constants,
they may be considered as sufficiently smooth.

Of course, such semiquantitative arguments need to be
substantiated by a quantitative assessment for the quality of
PBGs inside nonperiodic structures. This assessment can be
most naturally provided by calculating the local density of
stategLDOS), p(r,w), which has been recently employed, in
particular, for studies of complete PBGs in PGQs.Fig. 3

solve (Ref. 12. The fundamental band gap is retained in the wavelengthW€ Present LDOS calculations for our curvilinear-lattice

interval 2.1m=<\=<3.1a for all lattice transformations presented here.

waveguiding structure that are based on the numerically ex-
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| e, " L00%0%0, ) of the curvilinear-lattice PCs are related to the creation of
I K °é‘;.° R l ultracompact integrated PC circuits. Until now such circuits
o5 O are usually designed by embedding into PCs various types of

0.8- r
i ey - , b ' defects, while leaving the local lattice symmetry untouched.

.goé D° °o o This approach has been successfully applied to designing of
4 oot : many simple PC devices such as waveguidg bends, splitters,
§04 P oput and so forth. However, to be successful this approach often
=k involves embedding additional defects with very small

radii*® which are difficult to fabricate with acceptable accu-
racy. In contrast, our approach of using curvilinear transfor-
mations of a PC lattice provides designers with an additional
D T Y T B T TR T T R degree of freedom which can be exploited in numerous
Wavelength, A/a ways, e.g., for avoiding the usage of small-size defects.

FIG. 4. Transmission spectrum for the waveguide bend embedded into thlt\e/loreover as we demonstrate in Fig. 4 by the example of an

curvilinear-lattice photonic crystal as it is shown in Figoll In the insetwe  €ffiCient arbitrary-angle waveguide bend, the curvilinear-
plot the distribution of the electric field at=2.5a. lattice PCs can also be employed for creation of original

types of nanophotonic devices. In addition to arbitrary-angle
waveguide bends and splitters, they can include various
types of topological defects, arbitrary-radius circular resona-
Ctors, whispering gallery mode devices, etc.

0.2

act multiple multipole expansion technigtfeThe LDOS is
indeed very small everywhere inside the curvilinear-lattice
PC except for its waveguiding region.

One of the most attractive applications of PCs is their  The authors are grateful to Johann Messner from the
usage for the creation of high-density integrated photoni¢.inz Supercomputer Department for numerous support as
circuits. Consequently, it is very important to verify that the well as CPU time grants and to Heinz Seyringer from Pho-
curvilinear-lattice structures suggested in this letter can beeon Technologies. F.H., S.F.M., and K.B. acknowledge sup-
used for an efficient guidance of light. In Fig. 4 we plot the port by the Center for Functional Nanostructuf@-=N) of
results of finite difference time domaifFDTD)™ calcula- the Deutsche Forschungsgemeinsch@fG) within the
tions for the transmission spectrum &-polarized light Project A 1.2. The research of K.B. is further supported by
through the curvilinear waveguiding structure shown in Fig.the DFG under Grant No. Bu 1107/2Bmmy-Noether Pro-
1(c). These simulations have been performed using-the-  gram.

WAVE commercial softwarg with spatial and temporal dis-

cretization steps of 0.@land 0.00@/c, respectively. In the

inset to Fig. 4, we plot the electric field distribution at wave- 'J. D. Joannopoulos, R. D. Meade, and J. N. WiRhptonic Crystals:
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