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Abstract: A finite-difference frequency-domain method based on the
Yee’s cell is utilized to analyze the band diagrams of two-dimensional
photonic crystals with square or triangular lattice. The differential operator
is replaced by the compact scheme and the index average scheme is
introduced to deal with the curved dielectric interfaces in the unit cell.
For the triangular lattice, the hexagonal unit cell is converted into a
rectangular one for easier mesh generation. The band diagrams for both
square and triangular lattices are obtained and the numerical convergence of
computed eigen frequencies is examined and compared with other methods.
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1. Introduction

In recent years, photonic crystals (PCs) have inspired a lot of interest and many research efforts
have been devoted to their possible applications. They are characterized by their photonic band
gaps (PBGs) which result from structure periodicity [1-8]. Two-dimensional (2-D) PCs, such as
those composed of either dielectric rods or air columns, are widely employed in many applica-
tions such as new means of light waveguiding which offer a very high degree of control over the
propagation of light. Even through sharp bends, a wide transmission band can be achieved by
carefully designing the geometry of the waveguide. A variety of numerical methods have been
utilized to calculate the band structures of 2-D PCs. Among these the most used are the plane-
wave expansion (PWE) method [3—6] and the finite-difference time-domain (FDTD) method
[7,8].

The finite difference method (FDM) has been widely adopted to deal with differential equa-
tions in numerical analysis. Due to the simplicity of its implementation and the sparsity of its
resultant matrix, mode solvers based on the FDM have become attractive numerical methods
for analyzing the propagation characteristics of the optical or dielectric waveguides, especially
for those complex dielectric waveguides without analytical solutions. The FDM was first em-
ployed to solve the scalar waveguide modes under the weakly guiding approximation [9]. For
strongly guiding structures, semi-vectorial equations for optical waveguides with arbitrary in-
dex profiles were derived [10,11]. To obtain more accurate mode fields, a full-vectorial finite
difference scheme was then proposed [12—-14]. Each mesh point is surrounded by four sub-
regions whose permittivities are allowed to be different. The sparse matrix is formed by dis-
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cretizing the Helmholtz equations and matching the boundary conditions for all the subregions.
Another way is to discretize the wave equations derived from Maxwell's equations with the fi-
nite difference scheme [15-17], which is usually used in the beam propagation method (BPM)
[16,17]. Recently, full-vectorial finite-difference waveguide mode solvers based on the Yee’s
cell [18] were proposed. Andet al. [19] derived a Yee-mesh-based imaginary-distance prop-
agation method with modified FD formulae which takes the boundary conditions into account.
Fast convergence was achieved for the analysis of step-index fibers and rib waveguides. Zhu
and Brown [20] proposed a finite-difference frequency-domain (FDFD) method which directly
discretizes Maxwell’'s equations using the central difference scheme based on a Yee’s cell and
the index average technique was adopted to improve numerical convergence and accuracy.

Besides the PWE method and the FDTD method, finite-difference eigenvalue algorithms for
analyzing the band structures of 2-D PCs have been proposed. Yang [21] proposed an algo-
rithm by discretizing the Helmholtz equation in terms of the magnetic figldr the electric
field E; for the transverse-electric (TE) and transverse-magnetic (TM) modes, using the central
difference scheme in a similar way as that of [12] for waveguide analysis. Only square-lattice
PCs were discussed and no curved dielectric interfaces were considered in the unit cell of the
PC. Sheret al. [22] derived another algorithm from wave equations in terms of the parallel
and transverse components of the magnetic field for the TE and TM modes, respectively, and
employed an effective-medium technique for smoothing the field distribution across the dielec-
tric interface. Again, only square PCs were considered. Fast convergent results for 2-D PCs
involving dielectric rods were demonstrated.

In this paper, an FDFD eigenvalue algorithm based on the Yee’s cell is derived in the similar
way as in [20], and is utilized to analyze the band structures of 2-D PCs with either square or
triangular lattice. Instead of discretizing the Helmholtz equations or the wave equations, we
treat Maxwell's equations directly. To increase the accuracy of our FDFD algorithm, a formula
based on a fourth-order accurate compact scheme [23] is adopted, and the index average scheme
is employed to deal with the curved interface in the computing domain. The derivation of the
formulation of this FDFD eigenvalue algorithm is described in Section 2 in detail, and some
numerical results are presented and compared with other numerical methods in Section 3. We
also discuss the convergence behaviors of our method and other FD methods in Section 4 which
is followed by the conclusion.

(@)

Fig. 1. The cross-sectional view of a 2-D PC and its unit cell witkeing the lattice distance
andr being the radius of the circles for (a) the square lattice and (b) the triangular lattice.
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2. The FDFD algorithm with compact scheme

The cross-section of a 2-D PC is shown in Figs. 1(a) and (b) for the square lattice and the
triangular lattice cases, respectively, with the respective unit cell illustrated by dashed lines,
wherea is the lattice distance andis the radius of the circles which can be either dielectric
rods or air columns. Since the 2-D PC is uniform along zh#irection and periodic in the
transverse plane, in the following discussion we only consider the in-plane propagation that has
zero propagation constant in thdirection,3, = 0, so that the wave modes in the PC are either

TE or TM to zmode. Assuming all the fields have the éj@t) dependence witl being the
angular frequency, Maxwell’s curl equations can be expressed as

OxE = —jwiouH 2)
OxH jw&EE (2)

wherepu ande are the relative permeability and permittivity of the medium, respectively, and
Lo andg&g are the permeability and permittivity of free space.

2.1. TheTE mode

For the TE mode, we have only,, Ex, andE, components and the above curl equations can be
written as

. JE JEy
—iw H, = Iy 7= 3a
JoRoRH: = 5" = 75 (3a)
. OH,
WeEEy = —— 3b
jwaeEy dy (3b)
. JH
jweeE, = — axz' (3c)
E (i+1/2, j+1) H(i,j+1/2)
j+l jtl12
€ My
(&5 1) X (&5 1y)
E(i,j+1/2) |H(+1/2,j+1/2)7 E (i+1, j+1/2) H (i-1/2,)) E(i,j) H(+1/2, )
€, u, &, Hy g, Hy
(82 ) 1y) (82 s 1y
E (i+1/2,]) H(i,j-1/2)
j . j-172 T
i i+1 i-1/2 i+1/2
(a) (b)

Fig. 2. Yee’s mesh for the (a) TE and (b) TM modes.
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The transverse plane is then discretized using Yee's mesh for the TE mode as shown in Fig.
2(a), and we can obtain

, JE, OE
—ler (Halg s = Co0 = 55)| L 42)
2:1+3
. 0HZ
jwa (&Ex)|i 1= ( ) (4b)
I+35,] dy i+%,j
. oH
Jw& (SyEy)|i7j+% == (0_)(2) - (4c)
L+3

wherel, &, andey are the relative permeability or permittivity at the pointdf Ey, andE,.

Instead of using the central difference scheme, we introduce a fourth-order compact scheme
[23] to replace the differential operator in the above equations to improve the accuracy. For
example,% at points {(+1,j + %), (,j+ %), and (—1,j + %) can be expanded using the Taylor

series expansion with respect to point-G,j + 3) as

0H, _ 0H; (AX/2) 3°H,
OX livrjrd  OXlisdj+} S TR
Ax/2)2 93H Ax/2)2 0*H
( 2/,) 5 N ( 3/|) ax42 +H.O.T. (5)
- X livd i+l : i+3,j+3
OH, _ 0H,  (Ax/2) 0°H,
OXlijrg  OXligjey 1 Oy
Ax/2)? 9°H Ax/2)3 9*H
( X/,) 9 - _ X/l) dxj +H.O.T. (6)
0H; _ 0H, _ (3Ax/2) 9°H,
2 33 3 74
(3Axl/2) 0 r;z B (3Ax|/2) 0 Ijz LHOT. @)
2. 0X |+%]+% 3 (9X i-‘r%,j-ﬁ-%

where/Ax is the grid size in the direction and H.O.T. means higher order terms. Aldpat
point § — 1,j -+ 3) can be expressed as

" o (LX) OH, (AX)? 9%H,
Zi-3j+3 — "7+ T 1 9x 3,4+ 21 0% [ii1 41
(1AX)3 33H, (Ax)* 9%H,
TR ar ox* |1 1+H‘O'T' ©
i+35,j+3 1+5,]+5

If we neglect the higher order terms (H.O.T.) in Egs. (5)—(8), we can obtain the following
relationship between theH,/dx andH, values

HZ|i+%,j+% - H2|if%,j+% =
mefow|  em Lol ) o
24 \ OX 1141 X [ijr1 X g1
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Thus, the tern’(de/dx)h‘H% in EQ. (4¢) can be approximated in termsfat the grid points
in the computing domain. Similarly, derivations @H,/dy, 0Ey/dy, anddEy/dx lead to

Haliygjus — ey g =
@ OH; 422 OH; OH; (10)
24\ 9y |i11 i 0V livzj 9 livgj1
EX|i+%,j+1_ EXIi+%7j -
gv(@ PPOLL= I ) a1
24\ 9Y lii1j+3 oY lisgiry 9 livdi-4
Bylivejey — Ey‘ifl,H% -
A 0E 0E 0E
=X (—y 12292 s ) . (12)
24 \ Ox |i1343 OX[i11jry  OXliogj+}
With Egs. (9)-(12), within the computing domain we can obtain the matrix equations
T
u- [06)(2 =VyH, (13a)
T
V- [aa—yz = VyH, (13b)
E Z
u- [% = UyEy (13d)

whereH;, Ey, andEy are the vectors composed of the field componkht&,, andEy, respec-
tively, at the grid points, an@H,/dx], [0H,/dy|, [0Ex/dy], and[0Ey/dxX| represent the vectors
containing the valuedH,/dx, dH;/dy, dExdy, anddE,/dx, respectively, at the corresponding
grid points.U, V, Uy, Uy, Vy, andVy are square matrices determined by the above compact
FDFD formulae and the boundary conditions.

Maxwell’s equations can then be rewritten in a matrix form as

HoMz 0 0 H;
0 0 —&g Ey

0 -v-luy Uty H,
v-ly, 0 0 Ex (14)

—Utvy 0 0 Ey

wherep, &, andg, are diagonal matrices representjug &, andsy at the corresponding grid
points. After some mathematical work, we can obtain an eigenvalue equation in teHpaof

GH, = 1 H{V U5V Iy U U (15)

whereko = w(Logo)/? is the wavenumber in free space.
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2.2. The TM mode

For the TM mode, we have onll,, Hy, andHy components and Maxwell’s curl equations
become

jw&EE; = dHy/0x— dHy/dy (16a)
— jwlopHy = 0E;/dy (16b)
—jwpouHy = —0E;/0x (16c¢)

which, following the similar derivation using Yee’s cell and the compact scheme, can be con-
verted into the following matrix equation

07 0 0 E,
jw{ 0 —Lokx 0 ] Hy ] =
0 0 —HoHy Hy
0 -V-lvy Uy, E,
{ v-1u, 0 0 ] [HX] (17)
—U~tuy 0 0 Hy

where the vectorg,, Hy, andHy and the diagonal matrices, uy, and uy have the similar
definitions as in Eq. (13). The eigenvalue equation in ternis ér the TM mode can similarly
be obtained as

RE, = —&, 1 {V*lvyuglwluy n U*lvxufU*lux} E,. (18)

Note that Egs. (15) and (18) apply to both dielectric and magnetic materials. Therefore, the
proposed algorithm is also suitable for calculating the band structures for 2-D PCs composed
of magnetic materials.

2.3. Periodic boundary conditions for the 2-D PC

Due to its periodic geometry, in the analysis of the PCs, we only need to consider the unit cell
along with the periodic boundary conditions (PBCs). For the PC with square lattice shown in
Fig. 1(a), the PBCs can be expressed as

W(x+ay) =e “W(xy) (19a)
W(x,y+a) = e ay(x y) (19b)

PBC3

PBC1

Q}t

PBC3 PBC3
(a) (b)

Fig. 3. (a) The unit cell of the PC with triangular lattice and its corresponding PBCs. (b)
The modified unit cell.

PBC2
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whereW is either the electric or magnetic field in the unit cell, dqéindky are the wavenum-
bers in thex andy directions, respectively.
For the PC with triangular lattice shown in Fig. 1(b), we have the PBCs

PBC1: W(x+ @,y— g) — e i(k/3a/2-ka/2)yy y) (20a)
PBC2: W(x+ @ Y+ g) = e i(kv/3a/2¢ka/2) gy y) (20b)
PBC3: W(x,y+a)=e "ay(xy). (20c)

Please note that Egs. (20a) and (20b) are sufficient for describing the BCs in an infinitely peri-
odic lattice and Eg. (20c) can be derived from Egs. (20a) and (20b). PBC1, PBC2, and PBC3
are indicated at the corresponding sides of the unit cell as shown in Fig. 3(a). Since the unit
cell for the triangular lattice is hexagonal, it is not convenient to be fitted by Yee's rectangular
mesh. To overcome this problem, an FDTD scheme in a nonorthogonal coordinate system was
proposed in [8]. By using the nonorthogonal mesh, the non-rectangular unit cell can be matched
quite well but a coordinate transformation is needed and more complicated formulae need to be
derived. In our method, we simply move the upperright triangle (the red one) to the lowerleft
and the lowerright triangle (the blue one) to the upperleft, as shown in Fig. 3(b), generating a
modified unit cell. The modified unit cell still obeys the same PBCs at its boundaries as indi-
cated in Fig. 3(b), e.g., the upper portion of the left side and the lower portion of the right side,
both labled as PBC1, are related by the PBC of Eq. (20a). Since it occupies a rectangular area,
it is easier to be fitted by the rectangular mesh.

2.4. The average index scheme

As for the curved dielectric interface in the computing domain, the conventional treatment in the
FDM is to use either the gradded-index [15—17] or the staircase index [12—14] approximation,
and much finer mesh grids are needed to approach the original structure. Improved formulations
for oblique or curved interfaces were derived in [24,25] using the Taylor series expansion and
matching the interface conditions. Here, for simplicity, an averaging scheme which has been
shown to be useful and efficient in increasing the analysis accuracy [20] is adopted to determine
the values oft ande at each grid point. For example, in Fig. 2(b)(, j) is defined as;(i, j) =

f.&1+ (1— f)ey, wheregr ande; are the relative permittivities of media 1 and 2, respectively,

in the mesh and is the filling fraction of medium 1 in the mesh.

3. Numerical results

We first consider the square-arranged 2-D PC, shown as the inset in the middle of Fig. 4(a),
formed by parallel alumina rods with relative permittivity= 8.9 and radiug = 0.2a in the
air, wherea is the lattice distance. Each point along the boundary of the first Brillouin zone
shown as the right inset in Fig. 4(a) determikgsandk, in the PBCs in Eq. (19), and thus
the matrices in Eqgs. (15) and (18). The eigen frequencies of this PC can then be obtained from
solving the eigen values of Egs. (15) and (18). The band diagrams of the TE and TM modes
are plotted in Fig. 4(a) and (b), respectively. The circular dots are the results obtained using
our compact FDFD algorithm with the index average scheme and the solid lines are obtained
using the MIT Photonic-Bands (MPB) package [26] based on the PWE method with 1128
resolution. It can been seen that the circular dots match quite well with the solid lines for both
polarizations. For Fig. 4(a) and (b), 40 grid points are utilized in each lattice distance and it takes
just a few minutes to obtain these two figures on Pentium IV 2.0 GHz personal computers.

To examine the efficiency of the index average (IA) scheme, we fix the wavenumberk/ector
atthe M point in the first Brillouin zone, i.ek,= (11/a, 1/a, 0), and search the eigen frequencies
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Fig. 4. Band diagrams for the 2-D PC formed by square-arranged alumina rods aith
0.2 ande = 8.9 in the air. (a) TE mode and (b) TM mode.
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Fig. 5. The first eigen frequency versus the number of grid points for (a) the TE and (b)
the TM modes a& is at the M point. The lines with circles and rectangles are the results
obtained by our FDFD method without and with the index average scheme, respectively.

using various numbers of grid points with and without the IA scheme. Here and in the following
figures, the number of grid points refers to the number of total grid points in the computing
domain. In Fig. 5(a) and (b), the lines with circles represent the first eigen frequencies for the
TE and TM modes, respectively, which are obtained using our FDFD algorithm without the IA
scheme. One can see that it requires quite a lot of grid points to achieve numerical convergence.
On the contrary, the lines with squares represent the results using the IA scheme and show quite
excellent convergence for both TE and TM modes.

We then calculate other eigen frequencies for the same wavenumberkesiog our com-
pact FDFD algorithm and three other eigenvalue algorithms for 2-D PCs, which are derived
respectively following the FDFD mode solver [20], the FDM proposed bigdeet al. [13],
and that by Xuet al. [15], with different numbers of total grid points. The relative error here
refers to the difference between the result and a reference result obtained with the grid points
being 2500. Figure 6(a) and (b) shows the relative errors of the first and second bands for the
TE mode versus the number of grid points. All results from the above-mentioned algorithms
are calculated with the IA scheme. It shows that as the number of total grid points is larger
than 500, all the four algorithms can achieve a relative error less than 1%. Compared with the
other three algorithms, our method can provide better convergence behavior thanks to the aid
of the compact scheme. As for the TM mode, the relative errors of the first and second bands

#3853 - $15.00 US Received 20 February 2004; revised 25 March 2004; accepted 28 March 2004
(C) 2004 OSA 5 April 2004/ Val. 12, No. 7/ OPTICS EXPRESS 1405



1
\ TE first band | \ TE second band
< G
< g
5" 5,
5, 5
2 2
& '/ e this method & T thls[l:nzth(;dzo
R — .~ method of [20] method of [20]
. - — -+ - method of [13]
R method of [13] sl thod of 113
N method of [15] | ] method of [15]
“0 500 1000 1500 2000 2500 S 500 1000 1500 2000 2500
Number of grid points Number of grid points
(a) (b)
5 . . . . 0.
| TM first band TM second band
4. i p -~ 2camer
< | S
S 5 s
— =
S S.
£ :
o N -------- this method Py
2| \ — - — method of [20] 2zl
= — - = method of [13] | | =
A TR method of [15] J X I this method
|+ TN — - — method of [20]
ol LA imcel T . — - = method of [13]
. method of [15]
4 . . . . 30 . . . .
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Number of grid points Number of grid points
(c) (d)

Fig. 6. The convergence properties of our method for the 2-D square-lattice PC compared
with other methods. (a) TE first band; (b) TE second band; (c) TM first band; (d) TM
second band.

are presented in Fig. 6(c) and (d), respectively. One can again see the convergence property of
our method is good.

As for the 2-D PC with triangular lattice, the band diagrams for both polarizations can be
obtained similarly with our method using the modified unit cell. Figure 7(a) and (b) shows the
band diagrams for the TE and TM modes of the structure consisting of dielectric cylinders with
r = 0.2a and relative permittivitye = 11.4 in the air. The triangles are our results using the
compact FDFD method with the modified unit cell and the IA scheme, and the solid lines are
obtained by the MPB package based on the PWE method [26]. The circles represent the results
from the FDTD method based on non-orthogonal coordinate [8] which was proposed to deal
with such 2-D PC with non-rectangular unit cell and curved dielectric interfaces. One can see
that there exists a visible difference between our results and those from the FDTD method, but
fairly good agreement is observed between ours and those by the PWE method. To examine
the convergence characteristics, we considekthiector corresponding to the K point in the
first Brillouin zone shown as the right inset in Fig. 7(a), iles (211/v/3a,27/3a,0). The
convergent behaviors for the first and second bands of the TE and TM modes are illustrated in
Fig. 8(a)—(d). Compared with the other three methods as in Fig. 6, our method can still provide
better numerical convergence.

We discuss the order of numerical accuracy in the following. Although the compact FD
scheme in space is a fourth-order one, as mentioned in [23], an arithmetic average of permittiv-
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Fig. 8. The convergence properties of our method for the 2-D triangular-lattice PC com-

pared with other methods. (a) TE first band; (b) TE second band; (c) TM first band; (d) TM

second band.
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ity at the dielectric interface could reduce the accuracy to second order. In our case, the accuracy
of the proposed method is better than second order in the results of Fig. 6(a), (c), and (d) and
Fig. 8(a), (c), and (d), whereas the accuracy is a little less than second order in the results of Fig.
6(b) and 8(b). Meadet al. [27] discussed numerical convergence in the PWE calculation of the
first band at the zone edge for the square lattice of dielectric rods under different IA schemes.
They found that the same IA scheme as in this paper showed very good convergence for the
TM band, but not for the TE band. When using an inverse |A scheme involving a weighted av-
erage of the inverses of the permittivities, i.elgli, j) = f/e1+ (1— f) /&, the convergence
performance became reversed between the TM and TE bands. They thus proposed a tensor di-
electric scheme which performed well for both bands. In our FDFD calculation, the IA scheme
performs well for both first bands as seen in Figs. 6 and 8. We have tried the inverse IA scheme
in our FDFD analysis of the TE first and second bands. It reveals that the convergence becomes
very good for the TE second band but much worse for the TE first band. Apparently, the effects
of the IA schemes on the PWE method and on the FDFD method are different, which is worth
further investigation.

4. Conclusion

We have demonstrated a new eigenvalue algorithm for solving the band diagrams of the 2-
D PCs, which is based on the finite-difference frequency-domain method associated with the
fourth-order accurate compact scheme [23]. The index average scheme is also utilized to deal
with the curved dielectric interfaces inside the unit cell. For the non-rectangular unit cell in
triangular-lattice PCs, a modified unit cell of rectangular shape is introduced for easier nu-
merical treatment. The band diagrams for both TE and TM modes in 2-D PCs are successfully
obtained and good agreement with the PWE method calculation has been achieved. Our method
is found to have better convergence property compared with other FD and FDFD algorithms.
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