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Large absolute photonic band gaps created by rotating noncircular rods
in two-dimensional lattices
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Absolute photonic band gag®BG'’s) can be substantially improved in two-dimensio2D) lattices by
rotating noncircular air rods in dielectric background, in which the configuration of high-dielectric regions that
are both practically isolated and linked by narrow veins can be freely adjusted to create large absolute PBG's.
For square lattice, the largest absolute PBG’s in the single-square-rod and double-hybrid-rods structures are
315 and 150 % sizes of those in the corresponding single-circular-rod and double-circular-rods structures,
respectively. Furthermore, the large absolute PBG's persist in a wide range of filling fractions and reach their
maxima far away from the close-packed conditions, and this is in vast favor of preparation of crystals. Such an
approach is also applicable to other 2D lattices. It may open up a scope for engineering PBG’s.
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Since the pioneering work of Yablonovitch and JdHn, cular rods thereafter. However, in this paper we will demon-
there appears to be great interest in fabricating the photonigtrate that the approach of rotating noncircular rods in 2D
band-gap(PBG) structures in recent years. These structuredattices here presented is very powerful in opening and im-
exhibit “forbidden” frequency region where electromag- proving the absolute PBG's. _
netic waves cannot propagate a|ong any direction_ Th|s ma’ It is well known that there exists for 2D phOtOﬂIC CryStaIS
bring about some peculiar physical phenom&rias well as  the general rule of thumbThe absolute PBG's are favored
wide applications in several scientific and technical afdas. I compromise crystals with high-dielectric regions that are
Although three—dimensiondBD) PBG structures will pro- POth practically isolated and linked by narrow veins. It is
vide the most stirring potential in applications and the prepag'rf]f'cm.t to fabncalte th'ﬁ sort of crystals r‘]N ith too t.hr']n V]?.l'lf‘s-
ration of 3D crystals in the visible or infrared regime hasT us, It Is natural to choose in priority the one with a filling

o : faction f far less than the close—packed one from different
very reqently been’ “?F’O”é‘i fabricating 3[.) crystals with crystals possessing absolute PBG'’s of equal size. 2D lattices
the available PBG's is still an overwhelming challenge. In

. : . . of noncircular air rods in a dielectric background may be the
contr,as_t, tvx_/o-dlm_ensmna(IZD) crystals with the a_vall'ilble promising candidates as the above crystals as the shape and
PBG's in this regime have been successfully fabncé?e& orientation of narrow—veins can be freely adjusted by rotat-
Furthermore, 2D PBG structures could also find some imporig the noncircular rods and then fruitful configuration of
tant uses such as a feedback mirror in laser diotiPerhaps pigh.-dielectric regions can be formed. Our numerical simu-
for this reason, much attention has been drawn towards 2Rtions will show that a large absolute PBG is really present
PBG structures. in those crystals over rather a wide range of filling fractions

One of the most severe limits to the formation of absoluteand reaches its maximum size far away from the close—
PBG’s comes from degeneracy of photonic bands at highpacked conditions.
symmetry points in the Brillouin zone. Many approaches For simplicity and not without generality, we prefer to
have been proposed to lift this limit and then to produce thdocus on the 2D square lattices of the air rods in a dielectric
absolute PBG's as large as possible. Very recently, it is rebackground. The schematic diagram of crystals is shown in
ported that a dielectric anisotropy sufficient enough in theFig. 1: (a) single-square-rod structures in which square rods
scattering elements can break the degeneracy of photoniie at corners of unit cells(b) double-hybrid-rods structures
bands and then produce partial band gaps for 3D photonim which circular rods are added into centers of unit cells.
crystalst® and this anisotropy can also lead to a large absoThe corresponding structures in which square rods are re-
lute PBG in 2D lattice<® Before this, it was shown that the placed by circular rods are referred to as the single-circular-
absolute PBG’s can be increased by introducing a two-pointod and double-circular-rods structures, respectivélyin
basis set in 2D lattice¥, quite similar to the 3D diamond Fig. 1(a) represents the angle between axes of the square
structures? In earlier studies, the noncircular rods were uti- cross section and the 2D lattices.
lized to lift the band degeneracy in 2D latticésBut, this The photonic band structures of the above crystals can be
attempt failed to both open the absolute PBG for the refracebtained by solving Maxwell's equations with use of plane—
tive index contrast less than 3.51 and create a larger absolutgave expansion methdd:®2%-??Maxiwell’s equations are
PBG than that by conventional circular rods. Perhaps for thisombined to give the wave equation in terms of the magnetic
reason, rare attention has been paid to 2D arrays of noncifield H
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.gag. g (k+G)(k+G")e H(G~G')Hg ;= zHez. (6)
0 ] o ] o
[ | I:!‘!:!:I for H—polarization mode with magnetic field vector parallel
HomoN to the rod axes. Heree }(G—G’) is the inverse of the
| [ | matrix e(G—G’) with the elements defined by E¢). All
u structural information of the crystals is contained in the co-
(®) efficient matrix e(G—G’). The integral in Eq.(4) can be
FIG. 1. Schematic diagrams of 2D square lattices of air rods inexpanded and simplified to give
a dielectric background:(a) single-square-rod structuregp) _ _
double-hybrid-rods structures. e(G)= [ eptf(ea—e) G=0, (7)
(ea— €)1 (G) G#0,

wZ . .
Vx[e {(r)VxH]= EZH’ 1) wheree, and e, are the dielectric constants of the rods and

background, respectively;=S,/S is the rod filling fraction
(Sy4 the cross—section area of the rods in a lattice unip;cell

where €(r) is position—dependent dielectric constamt, e geometric factor(G) is defined as

=(x,y) lies in the plane normal to the rods, is the fre-
guency, and is the speed of light in vacuum. The magnetic 1 ,
field H(r) and the dielectric functior(r) can be expanded 1(G)= §f e 'Crdr. )
in a series of plane waves S
Here, the integral is now over the rods in a lattice unit cell.
. , We introducel ;(G), 15(G), 14n(G), andl 4.(G) to denote
H(r):% 2;«2 Hg, e (v, 2 the geometric factors of the single-square-rod, single-
’ circular-rod, double-hybrid-rods, and double-circular-rods
structures, respectively. They can be easily expressed as
e(r)zg e(G)e'c, 3 .
Is(G)=gF(Gx,C)F(Gy,C), 9
wherek is the wave vector in the first Brillouin zone and
G=(Gy,Gy) is a reciprocal-lattice vector. The unit vectors 1
g are orthogonal toK+ G) and the coefficientsl ; are the l.(G)==27G 'Ry, (GRy), (10)
corresponding components of the magnetic field. The Fourier S
coefficientse(G) are defined as
l4n(G) =14 G)+ s G)cosa, (11

e(G)=éLe(r)e‘G‘rdr, (4) l4o(G)=1s{G)(1+cosa), (12)

whereC is the side length of the square cross sectignthe
where the integration is carried out over the aBaf one  radius of the circular cross section=(G,+ Gyal2, ais

lattice unit cell. The analysis of Ed1) can be reduced to the lattice constanG=|G|; J; is the first-order Bessel func-

solving two standard eigenvalue equations, each describingig of the first kind. In Eq(9), F(K,X) andG are defined as
particular wave polarization. They are given as follows:

X K=0,
w? F(K,X)=[ . (13
> [k+G|[k+G'|e (G~G')Hg 1=zHg1, (5 2K 1sin(KX/2) K#0,
G/
G 0s6# ing
for E—polarization mode with the electric field vector paral- (9‘) :( ¢ S sin )(GX), (14)
lel to the rod axes and Gy —sin® cosh/ |Gy
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FIG. 2. Photonic band struc-
tures of the single-square-rod
structures witn,=3.4 atf=0.5:
(@ 6=0°, and(b) #=45°. The
solid and dash-dot-dotted lines
correspond to the E- and
H-polarization modes, respec-
tively.
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0.20 T T T limit the size of the absolute PBG. It should be expected that
[ —o—g-05° ] there exist larger absolute PBG’s for some rotation angles
o 5=30° 1 with f¢, larger than 50%. The normalized widths of the ab-
0.15[ —g35° ] solute PBG’s as functions of the filling fraction are displayed
3 1 in Fig. 3 for #=25°, 30°, 35°, and 40°, corresponding to
fcp=0.821, 0.75, 0.671, and 0.587, in turn. Three crystals

except for§=25° can create larger absolute PBG’s. Among
them, the one with#=30° possesses the largest absolute
7 4 . PBG of Aw=0.063(2rc/a) and Aw/wy=14.2% at f
[ Vi VS ] =0.68, quite away fronfi.,=0.75. In this crystal, the small-
0.05 . e - est width of the narrow veins is 0.04g8not too thin for
[ /S ] modern lithography. Furthermore, thaw/w, exceeds 10%
- s at the range of 0.68f=<0.70 and vanishes near the closed—
0.00 L 2 i R . ] packed structure. In contrast, the largest absolute PBG in the
0.5 0.6 0.7 0.8 corresponding single-circular-rod crystal is reachedf at
=0.78, very close td;,=0.785. Here, its magnitude and
normalized width becomé w=0.02(2rc/a) and Aw/wg
FIG. 3. Dependence of the normalized gap width of the absolute=4%, 215 and 255% smaller than those in the single-
PBG on the filling fractiorf in the single-square-rod structures with square-rod structure with=30°.

normalized gap width (Ae / o, )
o
)

filling fraction f

n,= 3.4 for four different rotation angles @f=25°, 30°, 35°, 40°. We now examine the double-hybrid-rods structures, in
which more fruitful patterns of the high-dielectric regions
where 6 is the rotational angle of the square rods. and narrow veins can be formed by rotating the square rods

The results that follow were obtained from E@S) and  and this will help to create larger absolute PBG’s. For these
(6) using 625 plane waves and the convergence accuracy fstructures, we define a paramefeas the ratio of the diam-

the lowest ten photonic bands is better than 1%. eter of circular rods to the side length of square rods. In the
We first consider the single-square-rod structures irfollowing calculations, the refractive index is taken &g
which the refractive index of dielectric background rig =3.6. The photonic band structures fér=0.65 and 8

=3.4. The photonic band structures are displayed in Figs=0.64 are plotted in Fig. (@ at §=0° and Fig. 4b) at ¢
2(a) for #=0° and 2b) for §=45° at the filling fraction of =26°. It can be seen that there is no any absolute PBG for
f=0.5, respectively. The absolute PBG is not preserd at #=0°. However, rotating the square rods can remove over-
=0°, as seen in Fig.(3). More detailed numerical calcula- lapping of nontouchingd 2—3 bands and lift degeneracy of
tions also show that there is no absolute PBG for any fillingE 4—5 bands rather than that & 3—4 bands in the single-
fraction at this orientation. These results show that breakingquare-rod structurebl 2—3 andE 4—5 band gaps overlap
the circular symmetry of rods is not sufficient to open thewith each other and create a large absolute PBG with
absolute PBG for the refractive index of 3.4. This can be=0.068(2rc/a) and Aw/wy=14.5% atf=26°. These re-
changed by rotating the square rods, as shown in Klg. 2 sults show that the absolute PBG’s cannot be opened by both
Overlapping of nontouchingd 2—3 bands is removed, and breaking circular symmetry of rods and introducing two—
degeneracy oE 3—4 bands al’ point is lifted. This open& point basis set in the lattice if the noncircular rods are not
3-4 andH 2-3 band gaps, which overlap with each otherrotated. Thus, rotation of noncircular rods plays a key role in
and create an absolute band gap with a magnitudaof opening the absolute PBG’s. To get better insight into supe-
=0.02(2mc/a) and a normalized width oA w/wy=5.4%.  rior features of the double-hybrid-rods structures, we inves-
Here, wq is the midgap frequency. Although the absolutetigate in detail the dependence of PBG’s on physical param-
PBG is not large, it has verified that adjusting the orientatioreters ass, ¢, andf.
of the noncircular crosssection can be utilized to engineer Figure 5 displays the dependence of the positions oHthe
PBG'’s. 2-3 andE 4-5 band gaps on the paramejgat 6=26° for
Note that the close—packed filling fraction of the single-f=0.60, 0.65, and 0.70. The optimum overlap of the2
square-rod structure witld=45° is f.,=0.5, which may —3 andE 4—5 band gaps occurs @#=0.64, 0.63, 0.62, in

0.7 0.7

0.6
FIG. 4. Photonic band struc-

tures of the double-hybrid-rods
structures with n,=3.6 at g8
=0.64 and f=0.65: (a) for @
=0° and (b) for #=26°. The
solid and dash-dot-dotted lines
correspond to the E- and
H-polarization modes, respec-
tively.
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FIG. 5. Positions of thed 2—3 andE 4-5 band gaps as FIG. 6. Positions of thed 2—3 andE 4—5 band gaps as
functions of the parametes in the double-hybrid-rods structures ¢,nctions of the rotation anglé/ in the double-hybrid-rods struc-
with n,=3.6 at #=26° for three different filling fractions of tures with n,=3.6: (8 f=0.60, 8=0.54, and(b) f=0.65, B
=0.60, 0.65, 0.70. —063 ’ ’ ’

turn, generating maximum absolute PBG’'s withiw,,ax
=0.057, 0.070, and 0.085¢&/a), respectively. The large with f.,=0.887 andf.,=0.926, respectively. Here, they
absolute PBG'’s can be persisted within a very wide range ofiave the normalized widths of 17.0% and 17.1%, and the
parameter, where we havel w,,,— 0.003(2rc/a)<Aw magnitudes of 0.085(2c/a) and 0.090(zrc/a), in turn.
<Awn. for B values extending from 0.52 to 0.68 & The magnitudes of both remarkably increase by 41.7 and
=0.60, 0.52 to 0.72 at=0.65, and 0.56 to 0.70 dt=0.7. 50.0 %, respectively in comparison with the largest PBG in
This is very beneficial to fabrication of photonic crystals. the double-circular-rods structures. More importantly, the
In order to find the optimum rotation angk we display large absolute PBG can persist over a very wide range of
the positions of théd 2-3 andE 4-5 band gaps as a function the filling fractions. For #=26°, its normalized width
of 6 in Fig. 6a) for f=0.6 andB=0.54, and Fig. ) for  still exceeds 10% even fof as low as 0.55. Fof from
f=0.65 and=0.63. The band gaps of both polarization 0.55 to 0.71, the smallest width of the narrow veins of
modes exhibit excellent symmetry with respectte45°, as  crystal ranges from 0.1421to 0.0704, that is to say,
expected. In fact, it origins from the inverse symmetry of the
crystal. The optimum overlapping betwekn2-3 andE 4-5 T T T T
band gaps occurs a#=26° for the two cases. This fact 0.20 |
seems to indicate that the optimum rotation angle is indepen- ~ o [
dent of the filling fractionf and the paramete8. We also
examine the variation of normalized width of the absolute
PBG with the filling fraction at3=0.62 for three different
rotation angles ob=20°,26°,30°. The results are displayed
in Fig. 7. It can be seen that the absolute BP@a26° is
larger than at botl#=30° and 20° forf from 0.53 to 0.74.
By combining of Figs. 6 and 7, it makes sure tlfat 26° is
the optimum rotation angle over rather wide range$ ahd

B

0.15[

[=)

-

o
T

0.05|

As a comparison, we have carried out detailed numerical [ \\ ]
calculations for the double-circular-rods structures with 0.00lL £ . . X\ . K V]
=3.6. The results show that the largest absolute PBG with 0.4 0.5 0.6 0.7 0.8 0.9
Aw=0.06(2rc/a) and Aw/wy=12% is reached atg
=0.14 andf=0.793, very close to the close—packed struc-
ture of f;,=0.8. In contrast, it has been shown in Fig. 7 that  FIG. 7. Dependence of the normalized width of absolute PBG
the maximum absolute gaps in the double-hybrid-rods strucen filling fraction f in the double-hybrid-rods structures wit,
tures are achieved &t=0.71 for /=26° and atf=0.75 for =~ =3.6 atB=0.62 for three different rotation angles 6% 20°, 26°,
#=30°, both far away from the close—packed conditionsand 30°.

normalized gap width (Aw / @

filling fraction f
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they are between 0.2131&(M) to 0.1056 um) for a ping of nontouching bands. Comparing with the previous
lattice constant of a~1.5(um) in the near-infrared methods, this method is more effective in opening absolute
regime. This is very favorable to the fabrication of photonicPBG’s. Moreover, it can lead to both the remarkable im-
crystals. provements in sizes of the absolute PBG’s and the substan-
Finally, it is worth pointing out that the way of rotating tial advancements in performance of the PBG structures. Nu-
the noncircular rods here presented is also applicable to othemerical simulations show that the sizes of the largest
2D lattices to create and improve absolute PBG’s. Numericahbsolute PBG'’s in the single-square-rods and double-hybrid-
calculations for 2D triangular lattice show that the single-rods structures have remarkable increases of 215 and 50 %
hexagonal-rod structures with,= 3.6 can have a largest ab- over those in the corresponding single-circular-rod and
solute PBG withAw=0.105(2rc/a) andAw/wy=22.9%,  double-circular-rods structures, respectively. Furthermore,
also quite an advance over the corresponding single-circulaghe |arge absolute PBG'’s can persist in rather a wide range of
rod structures, here the largest absolute PBG isAef fjjling fractions and reach their maxima far away from the
=0.092(2rc/a) andAw/wy=19.2%. _ _ close—packed conditions, which are in vast favor of fabrica-
As a conclusion, we have investigated in detail the photion of photonic crystal by lithography. Such an approach is
tonic band structures of 2D square lattices of noncircular aig|so applicable to other 2D lattices. It may open up a new

rods in dielectric background by plane-wave expansionscope for fabricating 2D photonic crystals with large abso-
method. Rotating the noncircular rods can freely adjust thg,te PBG's.

configuration of high-dielectric regions that are both practi-
cally isolated and linked by narrow veins to both lift degen- We gratefully acknowledge the financial support from the
eracy of bands at high-symmetry points and remove overlapNational Natural Science Foundation of China.
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