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Photonic crystals®™ (PCs) are thought to be key
building blocks for future micro-optical technology in
that they provide a versatile means to control light.
Waveguides based on PCs, with their capacity to gude
Light without diffraction losses, are likely to become
integral components in all-optical processors. Mekis
et al® showed theoretically that it is possible to bend
hight by 90° without significant logs, a result that was
later confirmed experimentally.® Interconnections
such as Y junctions,” T junctions,® and chaonel-drop
filters’ have also been proposed. It is thus vital to
understand the mechanism of guiding and coupling
for such devices.

The coupling problem is challenging’ and general,
involving the interfacing of one guide to another{e.g.,
at a bend or junction) or to an external medium.
Previous treatments’ considered coupling in and
out separately. Here, we address the full cirenit
problem—coupling in, propagation, and coupling
out—the solution of which, until now, has relied
almost exclusively on  computational technigues,
Although these methods are accurate, they are compu-
tationally intensive and exploit hittle of the underlying
physies. Here, we present a semianalytic method to
calculate the field profiles and the trapsmission of
straight PC waveguides based on Bloch meodes and
their veflection and transmission at interfaces by use
of generalized Fresnel coefficients.

Motivating this work is a desire for a simple
method of calculating the properties of a straight
PC waveguide formed in a two-dimensional fimte
PC. Figure 1(a) shows the TM field intensity in a
cluster comprising a square symmetric lattice (spacing
di of cylinders and a channel of width d, generated
by & point souree near the waveguide enirance. The
results, computed with a multipole method,® exhibit
resonant behavior associated with a superposition of
forward- and backward-propagating fields, similar to
the resonances of a Fabry~Perot (FP) interferometer.
These resonances can alse be clearly seen in the
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For singlé-mode guides, the transmission. spectrum and field intensity can be aceurately described
Anuslogies are drawn with Fabry-Perot interfoerometers, and gencralized
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transmission spectrum (dashed curve) in Fig. 2(a)},
up to the modal cutoff at A/d = 3.496. Using the
FP analogy, we describe the propagation constants
and characterize the fransmissivity with an exact
generalization of the Airy formulation® for a PP inter-
ferometer, leading to a simple two-parameter model
for a single-mode guide.

The key step in generalizing the Airy formulas is the
computation of the relevant Bloch modes. The strue-
ture is modeled by a finite stack [see Fig. 1(b} of L
grating layers, each of thickness o and with a periodic
defect {width d) that is due to the removal of a eylin-
der, generating a lattice with a single channel per su-
percell. Numerical investigations using the multipole
method have shown that coupling between the guides
is negligible for separations exceeding 10d, and thus
we model the waveguide array {Fig. 1{a}], using super-
cell period D = 11d.

The diffraction properties of each grating are
described by planeswave reflection and transmission
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Fig. 1. {a) Field intensity (decimal log scale} in a finite
cluster due fo a point source {black dot). The waveguide
correspunds to the removal of a Hoe of cylinders of radius
a/d = 0,3, refractive index », = 3 {in air v, = 1}, and wave-
length A/d = 3.13. (b) Supercell model approximating
geometry (al), with guides spaced by L7 = 11d.
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Fig. 2. {a) Transmission spectrum calculated with multi-
pole {dashed curve) and asymptatic {solid curve) models.
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scattering matrices.® Between consecutive grat-
ing layers the modes are described by plane-wave
expansions comprising forward- (npward in Fig. 1)
and backward- (downward-} propagating components,
respectively represenied by vectors of coefficients
f, and f_, where the entries correspond to the am-
plitudes in the various orders. The Bloch modes
f = [£,7f.77 are then computed with a transfer
matrix method,"" in which the eigenvalue problem
Tt = uf for the interlayer translation operator 7
is solved to vield the modes £. The set of all modes,
derived from the solution of an eigenvalue problem,
can be partitioned into forward- and backward-
propagating states.’  For a rectangular lattice, it can
be shown that if u = exp(iByd} 1s an eigenvalue of
the forward state (£, f-), in which 85 is the Bloch
constant corresponding here to the mode’s propa-
gation constant in the guide, the paired backward
state has eigenvalue p™} aund eigenvector {f., i)
Collecting all forward and backward eigeunstates,
we form matrices F. from the column vectors f.
and a diagonal mairix A from the eigenvalues .
Modes are sequenced with propagating states listed
first,

Within medium M2 of the structure [Fig. 1{b)], the
fields are expanded in the Bloch basis of forward
(A, (F,, F_)) and backward {A7Y, (F-, F.)) states. In
free space, media M1 and M3 of Fig. 1(b}, we expand
fields in the plane-wave basis. In M1, there is a
forward-incident field & and a backward-reflected
field r, whereas in M3 there is only a forward:
transmiited field t. The components of these vectors
eorrespond again to the plane-wave orders of the field
expansion. The incident field launches forward Bloch
waves that are reflected from the rear (23} interface to
generate backward modes. The matching of forward
and backward components at the two interfaces of
the L-layer crystal leads to the solution of the field
problem.
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In this formulation it is convenient and intuitive to
separate the propagation of Bloch waves frem their
scattering at the interfaces; the latier is characterized
by generalized Fresmnel reflection and transmission co-
efficients. This separation treatment leads to the vee-
tor of transmitted field amplitudes given by t = T8,
where T is the matrix

T = Tos AL I-Ry AP Ros AN 1Ty, . 1)

One can understand the structure of Eq. (1), the ma-
trix analog of the scalar Airy transmission foromida,?
by reading from right to left with the field transmiited
{Ty) from M1 to M2, propagated {A%) through M2,
and transmitted (Tys) from M2 to M3, with resonant
propagation and reflection between the front and rear
boundaries represented by (I — RpAYRgAL™ 1 Ex-
plicit expressions for the reflection {R,;} and {ransmis-
sion (T} eoefficients are found by expression of fields
as lioear combinations of forward- and backward-
propagating Bloch modes and plane waves (in the
erystal and free space) and matching their forward
and backward plane-wave components at their com-
mon interface. In this way we show that Ry and
Ry, the crystal—air reflection coefficients, are given
by Rs; = Ryy = —p. with p. = F.7UF.Y The
matrix Tuy = Foll ~ p.2) denotes the crystal—air
transmission coefficient and is derived from the sum
(F, ~ ¥_p.} of two terms, the forward components of
the forward modes {(F.}, and the forward components
of the backward modes (F_) that are generated by a
reflection {~ p.) at the rear interface. The calculation
of the air—crystal transmission coefficient Ty involves
only forward-propagating modes and yields the sim-
pler form Ty = F. -1, which is mersly a change of
basis from plane waves to Bloch modes. Substituting
the Fresnel coefficients into Eq. (1) then yields the
matrix form of the Airy transmission formula® for a
symmetric FP interferometer;

T=F.1~ p. A1 ~ pAFpALTIR, 7L (@)

Equation (2) is exact, in that including all modes
vields a result identical to that generated by the recur-
sive computation of T from the scattering matrices of
the individual gratings.® However, a major simplifi-
cation 1¢ possible for suitably long guides. The Bloch
basis, used to expand the fields, includes rapidly decay-
ing evanescent terms.  Although for an infinitely long
guide the energy carried by these modes is precisely
zero, this is not true for finite guides. However, for
gudes longer than a few layers, the evanescent field
decay lets us ignore their contribotion, and only the
propagating Bloch modes need be considered. For a
single-mode guide, Eq. {2) may be simplified by use of
the Sherman~Morrison formuta®™ for the inversion of a
matrix with a rank one perturbation caused by A* as
L — e, Together with modal orthogonality relations
this formula greatly simplifies the expression for the
transmitted flux to vield

1-ipl?

m iv+8§2. (3)

Ep =



856 OPTICS LETTERS / Vol. 28, No. 10 / May 15, 2003

2020 % A /\ \

z015] | \ \

@A l:& \

SO0 4

Zoos| M\ \
810

2 4 6
Layer number

Fig. 3. Comparison of the field intensity {Fig. 1{a)} along
the waveguide axis, calculated with the multipole method
{dashed curve) and the asymptotic model (solid curve):

Here, u is the eigenvalue of the single propagating
mode, and p, the {1,1) element of p., 1s its complex
Fresnel reflection coefficient. The denominator of
Eq. {3) characterizes the resonance, and the numera-
tor (1 — {p|?) expresses the net energy propagation of
a forward mode of unit flux and a backward mode of
flux |p|* generated by reflection at the rear surface.
The coupling of the incident field into the primary
Bloch mode is given by an overlap integral v.. 8, where
v, denotes row 1 of F.~l. Figure 2(b) shows [p|,
argi{p), and arg{u)} = Bod over wavelengths between
the band edge of the bulk erystal and the guide
cutoff, where p — 1 and x — 1. Modal cutoff corre-
sponds to the edge of a full bandgap of the composite
guide—crystal, at which the structure behaves as a
perfect reflector {|pl = 1),

In Fig. 2{a), the approximate result (3), indicated
by the solid curve, is compared with the full multipole
calculation for the finite guide of Fig. 1(a). The
multipole results were obtained by infegration of
the total flux across the rear of the crystal. Even
though Eq. (3) is for a4 periodic array of waveguides
and neglects evanescent fields, it predicts accurately
the positions of the transmigsion peaks and provides
good agreement with the transmittance at longer
wavelengths, The interference extrema are deter-
mined almost exclusively by parameters u and p,
and the magnitude of the transmittance is scaled by
the coupling coefficient |v; 8|2, The source of the
discrepancy between the model and the multipole
caleulation arises from the difficulty in estimating the
transmittance in a finite structure by evaluating the
flux integral over a finite surface.

The utility and accuracy of the two-parameter (u, p)
model are further illustrated by the midehannel in-
tensity plot of Figi 3. The dashed curve is from the
multipole caleulation for a guide of length L = 11d,
whose geometry is identical to that used for Fig. 1(a),
and the solid curve ig for the asymptotic model, the
spatial dependence of which can be shown to be pro-
portional to " — pu*l ™" at the interface to layer n.
There is good agreement in both the fringe focation and

the fringe visibility, V = 2ip|/{1 + [2}?), with devia-
tions arising only at the front surface, where evanes-
cent modes are required for full characterization of the
field.

In conclusion, we have developed an elegant treat-
ment for PC waveguides through a generalization
of the Fresnel reflection and transmission coeffi-
cients. For single-mode propagation, the guide can be
characterized fully by only two parameters, providing
accurate predietions of transmittance and fields within
the guide. The ideas here can be generalized to more-
complex coupling problems such as propagation at
bends and joints and will lead to new tools to aid in
the design of PCs.

The support of the Australian Research Council for
the Center for Ultrahigh-bandwidth Devices for Opti-
cal Systems (CUDOS) is acknowledged. L. C. Botten's
e-mail address is lindsay.botten@uts.edu.au.

References

1. 4. D. Joannopoules, R. D. Maede, and J. N. Winn,
Photonic Crystals (Princeton U, Press, Princeton, N.J.,
1695).
. C. M. Soukoulis, ed., Photonic Crystals and Light Lo-
calization in the 21st Century, Vol. 563 of NATO ASI
Seriee C: Mathematical and Physics Sciences (Klnwer
Academic, Dordrecht, The Netherlands, 2001).
3. A Mekis, J. C. Chen, 1. Kuriand, 8. Fan, P. R. Vil
leneuve, and J. D. Joannopoulos, Phys. Rev. Lett. 77,
3787 (1996).
4. S.-Y. Lin, E. Chow, V. Hietala, P. P. Villeneuve, and
J. D. Joannopoulos, Science 282, 274 (1998).
5. J. Yonekura, M. Tkeda, and T. Babag, J. Lightwave Tech-
nol. 17, 1500 (1999).
6. J. D. Joannopoulos, S. Fan, A. Mekis, and S. G. John-
son, in Photonic Crystals and Light Lecalization in
the 21st Century, C. M. SBoukoulis, ed., Vol. 563 of
NATO ASI Series C: Mathematical and Physics Sei-
ences (Kluwer Academic, Dordrecht, The Netherlands,
2001), pp. 1-24.
7. 8. Fan, P. R, Villeneuve, J. D. Joannopoulous, and
H. A. Haus, Phys. Rev, Lett. 80, 960 (1998).
8. A, A Asatryan, K. Busch, R. C. McPhedran, L. C. Bot-
ten, C. Martijn de Sterke, and N. A. Nicorovici, Phys.
Rev. E 63, 046612 (2001).
9. M. Borg and E. Wolf, Principles of Optics, 6th (cor-
rected} ed. (Pergamon, Oxford, 1993), Sec. 1.6.4.
10. L. C. Botten, N. A. Nicorovici, A. A. Asatryan, R. C.
McPhedran, C. Martijn de Sterke, and P. A. Robinson,
J. Opt. Soc. Am. A 17, 2165 (2000).

11. L. C. Botten, N. A. Nicorovici, K. C. McPhedran,
C. Martiju de Sterke, and A. A. Asatryan, Phys. Rev.
E 64, 046603 (2001).

12. W. H. Press, 8. A, Teukelsky, W. T. Vetterling, and
B. P. Flannery, Numerical Recipes in Fortran 77 (Cam-
bridge U. Press, Cambridge, 1997).

Lo


mailto:addressislindsay.botten@uts.edu.au.

Thomson ISI - Journal Search Results http://sunweb.isinet.com/cgi-bin/jrnlst/jlresults.cgi?PC=MASTER...

THOMSON
S S

SEARCH RESULTS

18} Master Journat List
SEARCH RESULTS

Search Temms: 0146-8592
Total iournals tound: 1

The following title{s; mached your requast.
{si

Journals 1-1 (ot 1) If’é ] ] FORMAT FOR PRINY

QPTICS LETTERS

Semimonthly
188N $146-9592
OPTICAL S0C AMER, 2010 MASSACHUSETTS AVE NW, WABHINGTON, USA, DC. 20038

FORMAT FOR FRINY

Joumals -1 {of 1) l*%

Map | Apout Us | Press Room | Caresrs | Contact Us 1 Themson.som
ral Lists § {S! Links | 131 Essays | arc

lofl 7/04/2004 2:39 PM


http://sunweb.isinet.comlcgi-binljrnlstljlresults.cgi?PC=MASTER.

