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Omnidirectional absolute band gaps in two-dimensional photonic crystals
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A plane-wave expansion method has been developed to investigate the off-plane propagation of electromag-
netic waves in a two-dimension&D) photonic crystal. Photonic band-structure calculations indicate that
some 2D crystal structures can support a common band gap for both polarizations and for all off-plane angles
from 0° up to 90°. The presence of such an omnidirectional absolute band gap implies that a 2D photonic
crystal can exhibit some of the functionalities of a three-dimensional crystal with a complete band gap.
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In recent years, a significant effort has been directed to- To achieve a common band gap, we first need a structure
wards photonic crystals—periodic dielectric materials charthat exhibits an in-plane absolute band gap for i®#mdH
acterized by photonic band gapBBG’s). A PBG can pro- polarization modes. The triangular lattice of air cylinders in a
hibit the propagation of electromagnetiEM) waves whose dielectric matrix is an excellent candid&t€onsider an ex-
frequencies fall within the band gap regibi. These mate- perimental setup with a plane EM wave incident from air
rials are expected to find many applications in optoelectrononto the crystal at an off-plane angle &fthe eigenmode in
ics and optical communications, such as cavitiesth® 2D photonic crystal has an off-plane wave-vector com-
waveguides, light-emitting diodes, and most of all, all- Ponentk,=kqsin 6 whereky=w/c. Note thatk, is an invari-

optical integrated circuits. In principle, the full appreciation @nt in different regions of the crystal, either the air holes or

of the peculiar characteristics of a PBG should be best reafn® diélectric matrix. The EM fields possess the form of a

ized in a three-dimension&BD) system that exhibits a com- 9€neral Bloch wave:

plete band gap along all dimensions in space. This task has

not been fully accomplished because of the difficulty in fab- E(r,z)=e*osnz>} E elke',

ricating such 3D crystals with band gaps in the optical =

regime®® Therefore, it is of vast interest to realize as many

functionalities of a 3D crystal as possible using lower- H(r,z)=ekosintz>" K eikeT, (1)

dimensional structures, which are much easier to fabricate. G

Great progress hqs been achievgd in this regarq, inCIudinﬁereke=k+G, with k andG being the Bloch wave vector

3D controli of I_|ght ina 2D photomc crystal sléﬁ_,mlcrola— and reciprocal vectors in the 2D lattice plane.

ser operation in a cavity formed in an index-guided 2D pho-  The EM fields satisfy Maxwell's equations,

tonic crystal slal¥,and omnidirectional external reflection by

a 1D photonic crystal° VXE=ikoH, VXH=—ikoe(r)E. 2
The interest in 2D photonic crystals has been mainly con- ) ) )

centrated on the in-plan@lane of periodicity, designated as I.f we directly SUbSt'tUt.e Eql) into the §tandard wave equa-

the XY plane propagation of EM waves. There exists a tion fo_r pure magnetic or p‘#gfllgeféglcg f|elds,. as has been

range of band gaps in various types of crystal structures. %one In_previous calculatiorts, we wil have a

few studies have also been dedicated to the o1‘f-planeIghly comple>_( eigenproblem, because every F"?‘”'X element

propagation!*® The photonic band structures thus far nvolves the eigenvaluk,. To overcome this difficulty, we

calculated! '3 correspond to an experimental configuration consider the in-plane components of both electric and mag-

where the parallel wave-vector componé&ntis constant for netic fields. From Eq(2), we have
all frequencies, even at the long-wavelength limit=0. 1 9
More realistic configuration should be a constant incident —Ey=——
angle for all frequencies, and thus, differdgtfor different

frequencies. Although a transfer-matrix approach has been

used” to calculate the transmission spectra at various inci- i — 1 i E(iH — iH ”—ik H

dent angles, and a total reflection was found for an off-plane gz 7 —ikgdy|e\ax Y gy ¥ e
angle up to 85°, a more direct approach to view the exact

position of the band gap should be the calculations of pho- g 1 ad(d i

tonic band structures. In this paper, we will develop an ap- gz ™ ikg 9x X a_yEX ~IKoeEy,

proach for this particular task, and show the possibility for

some 2D crystal structures to have an omnidirectional abso- J 1 0/9 _

lute band gapby which we mean a common band gap for LT 7y XY WEX +iko€E, . 3
both polarizations and all off-plane incident angles from 0° 0

to 90°). In Fourier space, we have
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FIG. 1. Plots of photonic band structures for a
triangular lattice of air cylinders embedded in a
dielectric matrix at different off-plane incidence
angles of EM waves: Ofleft pane), 45° (middle
pane), and 90° (right pane). A common band
gap is represented by the cross-hatched region.
The crystal has a filling fraction of air cylinders
f=0.75, and a refractive indax=3.6 for the di-
electric.
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) . . S1x Ly v oLx 201y cylinder has a filling fraction of =0.75, and a radius af
ko sinfgEG=— GZ €c.or(KeHe —ka Hg/) TkoHg, =0.455, wherea is the lattice constant. The left panel of
¢ Fig. 1 shows the results for the in-plane propagatieh (
, Loy v - _=0) for both E (solid lines andH (dashed linespolariza-
k2 sin 9EL = — kY >, .o (ke Hg —kg Hg) —koHG tion modes. The overlap of th& 2-3 band gap and the far
G’ wider H 1-2 band gap creates an absolute band gap, with the
band edges lying at thE and J symmetry points, respec-
k3 sin OHS =K (KEES — KLER) — K3, ec.arEL tively. The absolute band gap lies at frequency 0.389
G’ —0.437(2rc/a), with a normalized sizératio of gap width
to midgap frequengyof 11.6%. Herec is the light speed in
2 o Y LY (LXEY _ LY EX 2 X vacuum. At an off-plane angle @f=45°, both the upper and
Ko sinfHG=ka(keEe—keEo) * kog‘ ¢co'Berr (4) lower band edgespshift tOV\?ards higher frequencizrs) of 0.406
and 0.450(2rc/a), respectively. Wherd continues to in-
crease and reaches 90°, the lower band edge moves upwards
continuously to a frequency of 0.423¢2/a), while the up-
per band edge downshifts to a frequency of 0.438¢/2).
In spite of the shift of these band edges, especially af'the
point, we still obtain a residual common band gap for all
off-plane angles up to 90°. This omnidirectional absolute
_LXEY XY Xy Xy band gap(shown in Fig. 1 by the crosshatched regidies
ho1=keBe—keBe, hoo=ksHo—kaHe. ) piieen 0.423 0.437(2rc/a), with its normalized size
After some analytical derivations, E@G) can be reduced to (3.2%) greatly reduced relative to the in-plane gap.
The opening of an omnidirectional absolute band gap can

Here eg ¢/ is the Fourier coefficient oé(r).

Equation(4) is a standard eigenproblem formulation, al-
beit it involves the time-consuming diagonalization of a
(4N) X (4N) matrix (N being the number of plane waves
used. We found that it could be simplified into a K0
X (2N) eigenproblem by making transformations

T To h, 5 h, be more clearly seen from Fig. 2, where the dependence of
Ta Taoof\p |~ ks h |- (6)  the band-edge positions on the off-plane angle are plotted for
2 2 two different filling fractions §=0.75 and 0.8) and for crys-

Hereh, (h,) denotes a column matrix composed {bis 1} tal structures with a refractive ind_ex contrast of 3.6 and 4.0,
. , G.G' respectively. Denoted by the horizontal solitH0.75) and

({the.ah)., Iand the matrlcelsTij are (ljefmed asTiy dotted f=0.8) lines, the common band gap is found to be
=—Pg° (ks-Ke),  T5® =sindPy"® (Kgkg, —k&ks),  determined by two extreme situations with=0 and 90°.
T‘fz’G':—sin AKE(PoY2) .6 —KE(PoY1)e.ar ], and When @ is increased from 0, the lower band edge moves

GG LX[(ei _ YT e _ monotonously towards higher frequencies, while the upper
Taz” = k.G[(smzaPO . I)Yl]G'?' kg[(a(,smszgll )YZJG(*;G(;’, band edge first shifts upwards, and arrives at a maximum
where | is an unit matrix, Y77 =kgeg g, Y3 value somewhere, then moves downwards. For the crystal
=kéeg'16, , andPy=(sirfll —eg /) ~*. When6=0, Eq.(6)  with f=0.8 andn=3.6, we find a common gap at 0.454
can be decoupled to the standard eigenproblem forBhe —0.467(2wc/a) with a normalized size of 2.8%, a little bit
(h,) and H (hy) polarization modes of in-plane smaller than that foif =0.75. At a larger refractive index
propagatiorf:'®1°At §>0, these two modes are coupled to contrast asn=4.0 (which is the refractive index of germa-
each other. nium in the infrared regimethe common band gap becomes

With a greatly simplified eigenproblem in hand, we canfar wider, opening at 0.3770.401(2wrc/a) and 0.405
now go ahead to calculate the photonic band structures for & 0.445(2wc/a) for f=0.75 and 0.8, with the corresponding
2D crystal under an arbitrary incident angleFigure 1 dis- gap size being 6.2% and 9.4%, respectively. For this system
plays the results for a triangular lattice of air cylinders in aa larger size of air cylinders is more competent to widen the
dielectric matrix with a refractive index ai=3.6. The air common band gap.
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041 (b) n=4.0 —O0—1{-08 FIG. 3. Dependence of the common band-gap size on the refrac-
N‘e’ 046 - _o-o-0-0~Op g S w—— tive index contrast in a triangular lattice of air cylinders in dielectric
g 04 EE = = atf=0.75 and 0.8.
3 : :
g We finally consider a different type of crystal structure, a
0-3; triangular lattice of anisotropic dielectric cylinders in air. It
i has been showf that such a crystal structure with the cyl-

inders made of a positive uniaxial material can open an ab-
solute band gap for the in-plane propagation. It is interesting

. P to see vv_hether this ba_nd gap can survive in th_e off-plane
Off-Plane Angle (degree) propagation. The material we study here is telluri(fe), a
uniaxial solid with extraordinarily large refractive indices
FIG. 2. Dependence of the band edges on the off-plane angle fand a very strong positive anisotropy in the infrared regimes
f=0.75 and 0.8 in a triangular lattice of air cylinders in dielectric. (the ordinary and extraordinary refractive indices awg

The refractive index contrast i) n=3.6 and(b) n=4.0. The =48, andn.=6.2, respectively In our calculations, the ex-
common band gap is indicated by the horizontal sofie=0.75) traordinary axis is set to be parallel to the longitudinal axis of
and dashedf(=0.8) lines. the cylinders ¢ axis), so we have principal refractive indices

as n,=ng=6.2, n,=n,=n,=4.8. This structure has been

We next investigate the dependence of the common banshowrt® to exhibit a large in-plane absolute band gap for
gap on the refractive index contrast of the above triangulaboth E and H polarization modes. The band structures are
lattices. The results are displayed in Fig. 3 for a filling frac-calculated using the standard plane-wave expansion
tion of 0.75 and 0.8. The size of the common band gap irmethod’*® and displayed in the left panel of Fig. 4 fdr
both structures increases monotonously with respect to the0.4. The off-plane band structuréshown in the middle
refractive index contrast. The opening of this gap imposes and right panels of Fig.)4are calculated using an approach
stringent limit on the refractive index contrast: It must be assimilar to that derived for isotropic crystal structuresee
strong as 3.4. Figure 3 also indicates that a sméilemore  Eqgs.(1)—(6)], with only some slight modifications.
competent for opening the common gap when the refractive For the in-plane propagation, we find an overlap between
index contrast is below 3.7. It should also be noted that whetthe H 1-2 andE 4-5 band gaps, with the former completely
f is reduced to 0.7, the common gap disappears even ataovered by the latter, leaving an absolute band gap between
refractive index as high as=3.6. Therefore, the presence of 0.232-0.280(2rc/a), and with a normalized size of 18.8%.
an omnidirectional absolute band gap can only be accom#hen the EM wave propagates in a direction out of the
plished in a 2D crystal with a sufficiently large refractive plane, we expect that the band edges of the absolute band
index contrast and filling fraction. gap should shift and lead to a reduced size of the common
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FIG. 4. Plots of photonic band structures for a
triangular lattice of tellurium cylinders in air at
different off-plane incidence angles of EM
waves: 0°(left pane), 45° (middle panel, and
90° (right panel. A common band gap is repre-
sented by the cross-hatched region. The tellurium
cylinder has a filling fraction of =0.4, and the
5\ ;! —~ | | extraordinary axis is parallel to the longitudinal

/ axis of the cylinders.
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gap. One significant feature found in this crystal is a far-ted from a source embedded in the air region will be largely
smaller reduction in the common gap for an off-plane angleconfined three dimensionally around the source, provided
up to 90°, as compared to the case of dielectric cylinders inhat the light source has a configuration such that the emitted
air shown in Figs. 1 and 2. The common band gap is repretight has negligible components of large off-plane wave mo-
sented in Fig. 4 by the cross-hatched region, and lies bementum withk,>k,. This can be achieved when the light
tween 0.242-0.280(2rc/a) with a size of 14.6%. The rea- source has a size along thexis larger than the wavelength
son for this modest reduction is that the in-plane band gap igf the emitted light. It is interesting to make a comparison
determined by théd 1 band(the lower band edgewhichis  \yith the recently discuss& 1D photonic crystals that can
well above thek 3 band. Therefore, there is some space Offynction as omnidirectional reflectors for external incident
off-plane angle fo_r thE 3 band to first evolve to exceed the |i3nt These 1D structures only support an off-plane band gap
H1 band, beforel it finally serves as the lower band edge an r thosek, belowk,, while all composite materials are of a
determines the size of the common gap. If the common banffactive index larger than 1. Therefore, all homogeneous

gap is measuged by the point of theE 3 band, like in Fig. \\ave components witk, betweenk, andnk, (n being the

1, an over 40% size reduction of the common gap is foungg, et refractive index in the crysjawill leak out of the
compared to the in-plane gap, while the real size reduction igysta|, and thus the 3D confinement cannot be achieved.
about 20%. In summary, we have developed a plane-wave expansion

Now we have seen that there can exist omnidirectionalethod to account for the dependence of band gaps in a 2D
absolute band gaps in some 2D photonic crystal Strucmrefyhotonic crystal on the off-plane incident angle of EM

Although these are not true 3D complete band g@sis  \aves. Omnidirectional absolute band gaps were found in
clear when we observe that the band gap in Figs. 1 —4 wilkgme 2p crystal structures. These simple 2D structures may
be closed for an infinitely largek, well beyond k;  4jiow one to realize some of the functionalities of a 3D pho-
=Ko sin90°=ko), they can sitill find a lot of applications, t4nic crystal. For example, incorporation of such 2D struc-
such as omnidirectional reflectors, mirrors, microcavitiesyres into an ordinary photonic crystal plane slab may sig-

and photonic crystal fibefS. More importantly, these nificantly improve the efficiency of microlasets.
omnidirectional absolute band gaps offer a potential to model

the functionalities of 3D photonic crystals with low-

dimensional structures that are easier to fabricate. Since any The authors gratefully acknowledge the financial support
EM wave withk, up tokg (or a propagation angle in air up in part from the David and Lucile Packard Foundation, the
to 90°) is inhibited in our structures, and a large part of thesélfred P. Sloan Foundation, the Dreyfus Foundation, and the
2D crystal structures is occupied by air, we expect light emit\Washington Technology Center.
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