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We investigate the absolute photonic band ¢RBG) formation in two-dimensiong2-D) photonic crystals
designed using symmetry reduction approach. The lattice symmetry, shape and orientation of dielectric scat-
terers affect the photonic gap parameters. We use symmetry reduction, achieved either by including additional
rods into the lattice unit cell or by reorienting noncircular scatterers to engineer the photonic band gaps in 2-D
square and triangular structures. The case of air rods drilled into silicon background is considered. We show
that for square structures symmetry reduction can be an effective way to enlarge the absolute PBG, but for
triangular lattices any modification of the crystal structure considerably reduces the absolute PBG width. We
also discuss the practical technological feasibility of the proposed structures.
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I. INTRODUCTION inserting small circular rods into the square, honeycomb and
Photonic crystal§PCy are periodic structures in one or 970UP 4nm photonic structures reduces the symmetry of the

more spatial directions. They have received much intere®i9inal lattice, thus leading to a larger absolute PBG. These
authors have considered only photonic crystals of circular

because they offer a way to control and manipulate light: . | hi .
Many unusual optical properties of these photonic crystal§0ds: Symmetry reduction can also be achieved by using

have been predicted and some of them have been confirm&@ncircular scatterers. To introduce asymmetry, Villeneuve
experimentally, e.g., the existence of a photonic band gaﬁ”d Pich&® used oval rods instead of circular ones in a tri-
(PBG), i.e., a frequency range for which light propagation isangular lattice but failed to create larger absolute PBG. How-
forbidden inside the structufethe suppression of spontane- teigﬁr, Anas rggzaﬁggﬁléclgi?&l;f (()a\;?)llc:?ed dS' tsgmiw:rtergsrsdl:ﬁ;a
ous emissiof® and the possibility of creating localized de- ; : ; .

fect modes in the photopnic bang g%\bHowe\?er the fabri- overlapping PBG! Padjenet all? studied the triangular lat-

: ; . . . tice of rods with square, rectangular and triangular profiles.
cation of useful three-dimensiongd-D) photonic crystals in hey concluded that the circular rod profile leads to the larg-

the visible_ ano! near IR spectra i_s a difficult task because of; aphsolute PBG but they did not consider the symmetry
technological I|m|t_at|0ns at submlcromgter length scales. Th‘?eduction, achieved by including new elements in the re-
search for photonic crystals that exhibit larger band gaps angorted structures. Wanet al3 and more recently Marsait
are Suitable for the fabrication iS St|” an important issue. a|_14 have shown that rotating Square rods in a Square lattice
Two-dimensional photonic crystals are easier to fabricatean significantly change the position and size of band gaps
than 3-D ones, especially for the technologically importantfor both polarization modes and even increase the overlap
near IR spectrum. For a 2-D photonic crystal, the electrobetween these two gaps. They found that the largest PBG
magnetic wave can be decomposed in two polarizatiormppears when the rotation of square rods is combined with
modes: TE modes when the magnetic field is polarized alonthe inclusion of an additional rod in the lattice unit cell.
the rods and TM modes when the electric field is polarized In short, several studies have already reported the symme-
along the rods. An absolute PBG emerges from the overlapry reduction approach. However, it is difficult to compare
between the band gaps for both polarization modes. Sever#ie results of these studies because the dielectric contrasts
methods have been suggested for optimizing this overlap anahd accuracies used in the calculations were different. More-
thus obtaining the largest possible absolute PBG. As sugsver, most of the reported structures are difficult to fabricate
gested in Ref. 6, for example, introducing anisotropy intobecause absolute PBG improves when the dielectric walls are
one of the dielectric media in a photonic crystal can producextremely thin. As our group works on the fabrication of 2-D
larger absolute photonic band gaps in 2-D square and triarphotonic crystals based on air/silicon structures, we think
gular lattices. However, this method is limited by the avail-that a more detailed examination of such structures that also
ability of the material. Other methods are based on symmetryakes into account the difficulty of fabrication is needed. Our
reduction. Symmetry plays an important role in opening theaim in the present study is therefore to analyze the absolute
absolute PBGS$.0Often, restrictions to the absolute PBG for- PBG formation for some recently reported structures using
mation are due to the symmetry-induced degeneracies dilicon with dielectric constant=12.096 as a background
photonic bands at high symmetry points in the Brillouin material(at wavelengthh =1.55 um?®). We present numeri-
zone. The approach therefore involves reducing the structuralal simulations of photonic bands for 2-D square and trian-
symmetry to lift these band degeneracies and so enlarge thglar lattices of square and circular air rods drilled in silicon.
photonic band gap. Anderson and Gidfisave shown that We also explore their modified structures designed using the
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symmetry reduction approach, namely by including addi- The photonic bands of 2-D photonic crystals were calcu-
tional rods in the basic lattice and by rotating noncircularlated using the finite difference time domaifFDTD)
rods. In our work we focuss on the maximization of the method, also known as th@&rdern(N) method!® We as-
absolute PBG width as a function of crystal parameters andumed that all rods were made of the same mat@inlith
on the technological feasibility of these optimized structuresrelative dielectric constané=1) and embedded in a back-
ground dielectric(silicon with £=12.096 atA=1.55um).
The bands for both polarization modes were calculated: TE
II. Lattice description and numerical method modes (H polarization and TM modes(E polarization.
When the square lattices were considered, [thé and X
%’oints in the Brillouin zone were included in the calculation
[Fig. 1(j)] and the photonic bands were traced along the M-
I'-X-M path. For the triangular lattices of circular rods, the
calculations were performed along the JX} path [Fig.
1(k)]. In the case of triangular lattices of square rods, the C
Wotational symmetry is lifted’ However, the rotation of
square rods lifts all rotational and mirror symmetries of the
lattice. For this reason, the photonic bands were traced along
the X3—I'-J;-X1-J,-X,-J5-X 3 path of the Brillouin zone, as
shown in Fig. 1l). The calculation error was estimated to be
less than 2% for frequencies below(ith 27c/a unitg.

The patterns of 2-D structures under consideration are d
picted in Fig. 1, as follows(a) and(b) basic square lattices
of circular and square air rods, respectiveky);and(d) basic
triangular lattices of circular and square air ro@; (f) and
(g) modified square lattices formed by inclusion of an addi-
tional circular or square-shaped rod at the center of the un
cell; (h)y and (i) modified triangular lattices formed by the
inclusion of two additional circular rods at the middle of
each triangle. For brevity, the structures of Fig&)21(d)
will be referred to asbasic lattices while their modified
structures[Figs. Xe)-1(i)] will be referred to adnterstitial
lattices For all structures the parameteasd andr denote
the lattice constant, the size of basic square rods and the
radius of basic circular rods, respectively. The angle of rota- [ll. RESULTS AND DISCUSSION
tion « of square rods is defined as the angle between axes of
the square cross section and the lattice axes. The parameters
d" andr’ denote the size and the radius of the included We begin our discussion with the basic square structures
square and circular rods. For simplicity, the size of the in-shown in Figs. {a) and Xb). For the given dielectric con-
cluded elements can be related to the size of the basic rodsast, the square structure of circular air rods presents an
by introducing a new parametgd, which is defined ag3 absolute photonic band gap resulting from the overlap be-
=r’/r for the interstitial structures in Fig.(8&) and Xh); 8 tween the TE2-3i.e., the gap between the second and the
=d’/d for the structure in Fig. ) and B=2r'/d for the third photonic bands and the TM3-4 polarization gaps
interstitial structures in Figs.(@) and Xi). For the case of across all symmetry points. This absolute PBG has a maxi-
interstitial lattices, additional degrees of freedom are theremum normalized width of aboutAw/wy=3.4% for r
fore introduced into the calculations. =0.492. Here, the parameterSw and wy denote the fre-

A. Square lattices
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guency width of the gap and the frequency at the middle ofncluded at the center of the unit cell. Here, only TE2-3 and
the gap, respectively. In case of square structure with squarBM3-4 polarization gaps, which form the absolute PBG, are
rod profile, no absolute PBG exists for refractive indexesshown. The gap map of the square structure of circular rods
below 3.51%8 In particular, this is valid only when the square [Fig. 2a)] shows that the maximum width of the absolute
rods are not rotated. We will demonstrate that the rotation oPBG appears for rods of radius0.492. We can estimate
square rods leads to a larger absolute PBG that extends ovire difficulty of fabrication by centering the gap at wave-
a wide range of rod dimensions and rotation angles. ThéengthA=1.55um. In this case, the dielectric walls between
width of the absolute PBG for both basic square structuresir rods should be 10 nm thick. Although this is realistic, it is
can be further improved by including additional rod in the obviously difficult to fabricate this structure. As can be seen,
lattice unit cell. the TE2-3 polarization gap reduces sharply and closes the
In Fig. 2 the dimensionless frequencies of gap boundarieabsolute PBG as the rod radius nears the close-packed con-
are drawn as functions af/a for (a) the square lattice of dition r,,=0.5 (i.e., when the rods begin to touctBand
circular rods andb) its modified lattice with a circular rod = structure analysis shows that second and third TE bands are
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FIG. 3. Dependence of the normalized absolute PBG width FIG. 4. Dependence of the absolute PBG widifs)/ wg) on the
(Aw/ wg) on the parametgB=r'/r for the modified square structure rotation anglex for the square structure of square air rods for dif-
shown in Fig. 1e) for four different radiir of the basic rods. The ferent values of square sizk The maximum absolute PBG appears
maximum absolute PBG appears for0.497% and 8=0.15. for d=0.806 and a=32°(58°).
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FIG. 5. Positions of TE2-3 and TM3-4 polarization gaps as functions of square ldhgtfor (a) the square structure of square rods
rotated at anglex=32°; (b) a modified square structure with a square rod added at the center of the lattice unit eef Z6f andp
=0.15;(c) a modified structure with a circular rod added at the center of the unit celtf&8° andB=0.15. The picture insets show the
structures under consideration. The positions of maximum absolute PBG width are indicated by arrows.

degenerate at poitd of the Brillouin zone. For the modified atr=0.51ain the case without inclusion, opens up for values
structure[Fig. 1(e)], this band degeneracy is lifted. The crys- of 8 between 0.10 and 0.27. Improvement in the absolute
tal symmetry for this structure is reduced by placing a smalPBG width is maximum for8=0.15 andr=0.497 with a

rod at the center of each square unit cell. We performednagnitude ofAw/wy=10%. This result is slightly different
extensive band calculations for different radii of the includedfrom the one in Ref. 8 because the dielectric contrast and
rod. Figure 3 shows the normalized width of the absolutecomputational method are different. The gap map for the
band gap as a function of the paramegerr’/r, which is the  optimum value of3=0.15 is shown in Fig. @). As a result
ratio between the radii of the includetiand the basic rods.  of the lifted degeneracy, the overlap between the two polar-
The overall tendency is clearly seen: for small valuegBof ization gaps is extended. The absolute PBG is nearly three
the absolute PBG width is greater than in the case withoutimes larger than the best one for the basic square lattice.
inclusion (8=0). In addition, the absolute band gap, closedAlthough including an additional rod improves the absolute
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FIG. 6. Dependence of the ab-
solute PBG width(Aw/ wg) on (a)
the rotation anglex for fixed val-
ues of 8 andd/a; (b) the param-
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and d/a for the modified square
structure with included square
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gaps. The dotted lines denote the
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PBG size, the fabrication of this structure becomes morered. As mentioned before, the basic square structure of
difficult. The rod radius for the optimum absolute PBG nearssquare rods does not exhibit an absolute PBG for any value
the close-packed condition. Thus, for a gap centered at wavef square lengthl. Band structure analysis indicates that the

length A=1.55um the dielectric walls between adjacent second and the third TE bands overlap, which prevents the

holes should be 5 nm thick.

square[Fig. 1(f)] or circular[Fig. 1(g)] air rods are consid-
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band degeneracy can be lifted by rotating the square rods

FIG. 7. Positions of TE2-3 and
TM4-5 polarization gaps as func-
tions of square lengtt/a for (a) a
square structure with a square rod
added at the center of the unit cell
for B=0.56 anda=26° and(b) a
square structure with a circular
rod added at the center of the unit
cell for =0.71 anda=31°. The
picture insets show the structure
under consideration. The positions
of maximum absolute PBG width
are indicated by arrows.
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with respect to the lattice axes. This, in turn, gives rise to arhigh-index veins. The TE gaps are favored in connected
absolute PBG which results from the overlap between thetructures, while the TM gaps are favored in structures of
TE2-3 and TM3-4 polarization gaps. To explain this, one carisolated high-index region@potg. Rotating the square rods

rely on the general rule of thumbThe square lattice of leads to a structure of isolated high-index spots that are
square air rods is mainly a connected structure made up dinked by narrow veins. Suitable dielectric configurations for
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0.18 ratio between the lengths of the add#dand the basic rods
0.16 & d (B=d’/d) for the modified structure in Fig.(f), and the
014 ratio between the diameter2of the added rod and the
L lengthd of the basic rod$s=2r"/d) for the modified struc-
0.12 ture in Fig. 1g). The size of the included rod is therefore
& 010k related to the size of the basic rods in dimensionless units.
2 oosl First, we consider the modified structure with a square rod
| [Fig. 1(f)]. Numerical calculations for=0° and different
0.06 values of the parametgd have shown that there is no abso-
0.04 | lute PBG if the square rods are not rotated. Therefore, in-
: cluding an additional rod is not sufficient to open the abso-
0.02 lute PBG for the given dielectric contrast. Figur@6shows

0.00 L the dependence of the absolute PBG width on the rotation
angle « for fixed values of the paramet@ and the square
0.12 lengthd and Fig. €b) shows the dependence of the absolute
T aeea.. —0—d=08g, =0° PBG width on the parametg? for fixed values ofe andd.
of0p __2__‘::8-32’ °‘=3: There is no easy way to find the optimum parametric envi-
ez = -A-d;0.84:’ Z=30° ronment(d,8,a) that maximizes the absolute PBG width.
008 & o ool _ N, <0~ - d=0.856a, 4=0° For instance, one can fix the rotation angleand find the
Tog o N -« - d=0.856a, 0=30° values of 3 andd which lead to the maximum width of the

absolute PBG. The next step, logically, is to perform the
calculations by fixing these values and varyimgo find the
optimum angle. However, this does not always lead to the
optimum absolute PBG for the structure because, for the new
optimum angle, there will be a new set gfandd. So, hard
calculations are needed taking into account all possible val-
ues ofa, B andd. From Fig. 6 we can see that absolute PBG
width (Aw/ wy=15.29 is maximum whene=27°, 3=0.15
B andd=0.83. The positions of the TE2-3 and TM3-4 polar-

FIG. 10. Dependence of the absolute PBG witw/ wg) on iz.ation gaps as functions O.f .the square siig are drawn in
the parametep for (a) the modified triangular structure of circular Fig. Sb). Inclu_dlng an additional rod does Improve the ab'
basic rods and a circular rod placed at the midpoint of each triangi€0/uteé PBG width, but we also need to estimate the relative
formed of three basic rods aiit) a modified triangular structure of  difficulty of fabrication for this improvement. For a rotation
square basic rods and a circular rod placed at the midpoint of eacAnglea=27°, the close-packed conditiondg,=0.89%a. The

3 0.086
0.04

0.02

I DR R | I S B |

0.00 L— . .
000 0.02 004 0068 008 010 012 0.14 0.16

triangle for different rotation angles. size of the included rod isl’=0.12& for B:O].S andd
=0.8%. The dielectric walls between adjacent basic rods will
opening an absolute PBG can therefore be formed. then have the smallest relative width of 0.84&or a gap

Figure 4 shows the dependence of the absolute PB@entered ah=1.55um, the absolute width of the dielectric
width on the rotation angler for different values of the walls should be approximately 34 nm. Therefore, the fabri-
square sizéel. The band gaps exhibit a symmetry with respectcation of this structure is no more complicated than in the
to rotation anglen=45° due to the inverse symmetry of the case without inclusion.
crystal. The absolute PBG reaches a maximum width of Our numerical calculations show that a new absolute PBG
Aw/wy=13.8% for «=32° and d=0.806. This absolute appears when the size of the included rod is increased. This
PBG is roughly four times larger than the one for the basids the result of overlapping between the TE2-3 and TM4-5
square structure of circular air rods. In Figapthe positions polarization gaps rather than the overlapping between the
of the TE2-3 and TM3-4 polarization gaps are drawn asTE2-3 and TM3-4 gaps. Figure 6 shows the width of this
functions of the square length The closed-packed condi- absolute PBG as a function of rotation angleand parameter
tion for rotation anglen=32° isd.,=0.848, so the smallest g, respectively. We can see that the width of this absolute
width of the narrow veins will be 0.0%0 For a gap centered PBG is smaller than that of the absolute PBG formed by the
at wavelengthn\=1.55um, the veins should be approxi- overlapping of the TE2-3 and TM3-4 gaps. The main advan-
mately 33 nm thick. This result is a more encouraging thartage, however, is that it extends over a wide range of square
the previous ones for the fabrication of photonic crystals. lengthsd/a far away from the close-packed condition. This

Having discussed the square structure of rotated squais a big advantage for the fabrication. For example, the maxi-
rods, we now turn to the effects on photonic band gaps aftemum width of the absolute PBG formed by the overlapping
an additional rod is included at the center of the lattice unitof the TE2-3 and TM4-5 polarization gaps “w/wg
cell. For the modified square structure in Figf)la square =12.8% whena=26°, 8=0.56 andd=0.73. The close-
rod is added at the center of the unit cell, and for the modipacked condition for this angle &,=0.89%. The included
fied lattice in Fig. 1g) a circular rod is added. Besides the rod has a relative width ad’ =0.40%. The relative width of
rotation anglex of the squares, a new degree of freedom isthe dielectric walls between adjacent basic rods is (2188
introduced into our calculations: a paramegatefined as the but the thinnest elements, with a width of 0.89%re the
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walls between the basic and the included rods. For the gaphow the positions of the TE2-3 and TM4-5 polarization
centered atn=1.55um, the absolute width should be ap- gaps as functions of/a for 8=0.71, «=31° and as func-
proximately 79 nm. Figure (@) shows the positions of the tions of @ for d=0.721a, 8=0.71, respectively. The maxi-
TE2-3 and TM4-5 polarization gaps as functions of squarenum width of the absolute PBG iSw/wg=14.8%, which is
length d/a. The absolute PBG exceeds 5% within 2% greater than in the case of the interstitial lattice with a
0.63<d/a<0.78, which means that the smallest width of square rod included. For these physical parameters the small-
dielectric walls ranges between 117 and 54 nm. The angulaest feature size is 57 nm. With this structure, therefore, we
dependence of the TE2-3 and TM4-5 gaps is shown in Figgain in absolute PBG width without harming the fabrication.
8(a) for d=0.73 and 8=0.56. The absolute PBG exceeds
5% within 20°<a<37°. As a comparison, for these rota-
tion angles the smallest width of dielectric walls would range
between 57 and 67 nm. Although this is not the best absolute In this section we consider the triangular lattices of circu-
PBG for this structure, it seems to be better from the fabridar air rods[Fig. 1(c)] and square air rodgig. 1(d)] and
cation point of view. their modified structurefigs. Xh) and Xi)]. The triangular
Finally, we studied the modified square structure forstructure of circular air rods is known to present the greatest
which a circular rod is placed at the center of the lattice unitabsolute PBG among the studied 2-D photonic crystals. The
cell [Fig. 1(g)]. Our discussion is similar to that for the pre- minimum refractive index contrast required for the opening
vious structure, so here we will only provide the main re-of an absolute PBG is 2.66 for a filling fraction of the air
sults. In this case, parametgiis defined as the ratio between rods of about 66%° The absolute PBG is the result of the
the diameter 2 of the included rod and the sizt of the  overlapping of the TE1-2 and TM2-3 polarizations gaps. Fig-
basic square rods. Figurgc» shows the positions of the ure 9a) shows the photonic band map for this structure. For
TE2-3 and TM3-4 polarization gaps as functionsiéf. The  the given dielectric contragép,ciground 12096 andtoq=1),
optimum absolute PBG has a width Aiw/wg=15.6% for the absolute PBG reaches a maximum width Xb/wy
d=0.843, 8=0.15 ande=28°. For small values of there =17% forr=0.478&. The closed-packed condition for this
is no significant difference between the modified structurestructure isr.,=0.5. For the gap centered at=1.55um,
with a circular rod included and the previously discussedhe dielectric walls between adjacent rods must be 33 nm.
structure with a square rod included. The size of the included his result is similar to that for the square lattices. We tried
rod is too small for3=0.15 so there is no significant change to apply the same approach i.e., to optimize the absolute
in the total filling fraction if the included rod is square or PBG by reducing the lattice symmetry achieved either by
circular. This is not the case for values Bf£>0.5, which  inserting additional rods or by using noncircular scatterers.
generate an absolute PBG from the overlapping between the First we studied the interstitial triangular structJfeg.
TE2-3 and TM4-5 polarization gaps. Figuregy’and 8b)  1(h)] in which two additional rods are introduced into the

B. Triangular lattices
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lattice unit cell. The included rods are located at the midpoint=1.55 um. This structure therefore requires very stringent
between three basic rods of the triangular lattice. For thigechnological capabilities.
structure the parameteg®=r’/r is defined as the ratio be- In the case of square structures, the rotation of square rods
tween the radii of included’ and basia rods. The depen- was an effective way to enlarge the absolute PBG. In the
dence of the absolute PBG width on the paramgieior  case of triangular lattices we go one step further and apply
some fixed values of the radius of basic radis shown in  the same approach. Figure 12 plots the positions of the
Fig. 1Qa). For the case without inclusiofB=0), the struc- TE1-2 and TM2-3 polarization gaps as functions of the rota-
ture switches to the basic triangular lattice of circular rodstion angle a for a square sizel=0.856. Because of the
Although the included rods are very small, their presenceanirror symmetries of the lattice, the gaps are symmetrical
leads to a decrease in the absolute PBG width and, for valuegith respect to rotation angles of 30° and 60°. Therefore,
of B greater than 0.15, to complete closure of the gap. Figuréhe only nonredundant rotations are those between 0° and
9(b) shows the positions of the TE1-2 and TM2-3 polariza-30°. The optimum rotation angle, which provided the best
tion gaps as functions of/a for 8=0.1. The maximum ab- improvement in the absolute PBG, was=30°. The posi-
solute PBG width is\w/w,=8.6% forr=0.48. We can see tions of the TE1-2 and TM2-3 polarization gaps as functions
that the TM2-3 polarization gap is strongly reduced. Theof square sizel/a are plotted in Fig. 1(b) for this optimum
inclusion of the interstitial air rods at the midpoint of eachangle. The absolute PBG has a maximum widthAaf/ w
triangle disrupts the useful arrangement of the dielectric irF11% for d=0.856. If we bear in mind that the close-
isolated and linked regions. Isolated islands of high-indexpacked condition fora=30° is d.,=0.86@&, the relative
material do not yet exist. Therefore, TM gaps tend to disapwidth of the dielectric walls should be 0.04.0For the gap
pear in such structures. centered ah=1.55um, this results in an absolute width of
To continue our study on symmetry reduction we alsoapproximately 8 nm. Rotating square rods in a triangular
examined the triangular lattice of square air r¢gig. 1(d)].  structure therefore does not, as it did in the case of square
Since the symmetry of the lattice is reduced, we must nowstructures, significantly improve the absolute PBG.
consider all the directions of the new irreducible Brillouin By considering the modified triangular structure, which is
zone, as shown in Fig.(. For this structure there is an formed by adding two circular rods in the unit cgdkee Fig.
absolute PBG gap, which is result from the overlappingl(i)], we have studied the effects of symmetry reduction
TE1-2 and TM2-3 polarization gaps, as in the case of theaichieved both by rotating noncircular scatterers and includ-
triangular structure of circular air rods. Their positions asing additional elements. As with the modified triangular lat-
functions of square sizd/a are plotted in Fig. 1da). The tice of circular rods, including additional rods considerably
absolute PBG has a maximum width Afv/wy=9.5% for  shrinks the absolute PBG. We found no improvement in the
d=0.854. The dielectric walls will have a relative width of absolute PBG width for any rotation angieof the square
0.012a and should be about 9 nm thin for the gap centered abasic rods or for different values @. Parametes in this

235112-9



T. TRIFONOV et al. PHYSICAL REVIEW B 69, 235112(2004

TABLE I. Maximum normalized absolute PBG width for the considered structures. The table shows the physical parameters at which the
optimum absolute PBG can be obtained. The relative and absolute sizes of the smallest element are also shown.

Lattice-scatterer Aw/ vy Physical parameters Size of the smallest element
Relative Absoluté

1. Square structures

a. Square-circles 3.4% r=0.4922 0.01& 10 nm
b. Square-circles with an additional circular rod 10% r=0.49%;3=0.15 0.00&a 5nm
c. Square-squares No absolute PBG exists
d. Square-rotated squares 13.8% d=0.806; a=32° 0.05@ 33 nm
e. Square-rotated squares with an additional square rod 15.29=0.8%,a=27°,3=0.1% 0.046 34 nm
12.8% d=0.73,a=26°,=0.56¢ 0.09% 79 nm
f. Square-rotated squares with an additional circular rod 15.6%=0.843%, «=28° ,3=0.1% 0.04%: 33 nm
14.8% d=0.721a,a=31°,8=0.7T 0.07&a 57 nm
2. Triangular structures
a. Triangular-circles 17% r=0.47& 0.044 33 nm
b. Triangular-circles with two additional circular rods There is no improvement in the absolute PBG size
c. Triangular-squares 9.5% d=0.854 0.012a 9 nm
d. Triangular-rotated squares 11% d=0.856; a=30° 0.01@ 8 nm
e. Triangular-rotated squares with two additional circular There is no improvement in the absolute PBG size
rods

8Absolute size for the gap centeredat 1.55 um.
PAbsolute PBG formed from the overlapping TE2-3 and TM3-4 polarization gaps.
‘Absolute PBG formed from the overlapping TE2-3 and TM4-5 polarization gaps.

case is defined ag=2r'/d and relates the size of the in- generated that persists over a wide range of rotation angles
cluded rods to the size of the basic rods. Moreover, again foand filling fractions far away from the closed-packed condi-
values of 8 greater than 0.15 the absolute PBG completelytion, and therefore greatly favors the fabrication of photonic
disappeargFig. 1Qb)]. For triangular structures, therefore, crystals.

symmetry reduction based on the inclusion of additional rods The largest absolute PBG is the one for the triangular
does not lead to a larger absolute PBG. The inclusion favorstructure of circular air rods. Our results show that modify-
ably increases the “air” filling fraction but disrupts the usefuling the crystal structure by adding interstitial rods or using
arrangement of high-index media in isolated and linked resquare rods is not a good way to achieving larger absolute
gions. From Fig. 1@) we can see that, due to the inclusion, PBG, at least for the special case of air/silicon structures.
the TM2-3 polarization gap shrinks considerably, which de-Adding more rods in the lattice unit cell cannot further en-
creases the absolute PBG width. large the absolute PBG width. Moreover, the absolute PBG
shrinks dramatically because of disrupted islands of high-
index material. Using square scatterers considerably reduces
the absolute PBG width.

We have performed a detailed numerical analysis of the The dielectric walls of all these photonic crystals which
photonic band structure of square and triangular lattices witi@re composed of air rods in a dielectric media should be
circular and square rod profiles using the FDTD methodextremely thin(Table ). To fabricate these crystals, we need
Specifically, we have examined how symmetry reductionhighly developed technologies such as electron-beam lithog-
achieved by adding small rods to the lattice unit cell or byraphy and dry-etching techniques. Such efforts are rewarded,
reorienting the square rods, affects the photonic band gafowever, by the large absolute PBG.

Our results are summarized in Table |. For square lattices,
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