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CMC3 Fig.1. Schematic of the fiber and pho-
tonic crystal waveguide coupling scheme.

1 micron so that the propagation field stretches
outside the fiber cladding. The refractive index of
the fiber is taken to be 1.46 in the simulation. The
separation of the tapered fiber and dielectric slab
is 0.5 micron. The photonic crystal waveguide is
formed by a two-dimensional triangular lattice of
air holes in a dielectric slab. The photonic crystal
waveguide slab is simulated in two dimensions
using an effective refractive index, n,g of 2.76.
This has been demonstrated to be a good approx-
imation to the three dimensional calculation.” We
choose the filling factor of air holes to be ~0.3 or
radii of air holes to be 0.29a. The lattice has a TE
photonic bandgap from a/A, = 0.256 to 0.320.2
Two rows of air holes on the edge of the dielectric
function as a grating and provide field confine-
ment for the photonic crystal waveguide. These
rows afford the mechanism for contra-directional
coupling under the phase matching condition,

2T
kﬁbcr + kpc = -a—

Here, kg, and k,, are the equivalent propagation
constants in the fiber and the photonic crystal
waveguide, respectively. a is the lattice constant of
the photonic crystal.

Optical structures with 120 photonic crystal
periods in the propagation direction are mod-
eled. This domain is significantly longer than that
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shown in figure 1. Discretization is 20 points per
interhole spacing. The computational domain,
which consists of 2500 x 350 square cells, is ter-
minated by Berenger’s PML-ABC boundary con-
dition. The field is excited continuously in the
fiber with an electric dipole with frequency cen-
tered at a/A, = 0.2715, and the source is posi-
tioned at 50 points away from the left boundary
in the fiber. Figure 2 shows the coupling along the
photonic crystal structures. The power flowing
from left to right inside tapered fiber gets signifi-
cantly weaker, while the power flowing from right
to left in the photonic crystal waveguide becomes
stronger with the interaction.

It is shown in figure 3 that the coupling effi-
ciency of the proposed approach improves with
increasing interaction length between the fiber
and the photonic crystal waveguide. Theoreti-
cally, all of the power flowing in the fiber can be
coupled into the photonic crystal waveguide with
an infinitely long interaction length. Practically, a
60-micron interaction (which is approximately
2400 points in Figure 3) gives a coupling effi-
ciency above 90% at a 1.55-micron wavelength.
This is significant because this length is well
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CMC3 Fig. 3. Coupling efficiency as a func-
tion of fiber-waveguide interaction length, show-
ing that the method is capable of 90% and higher
coupling.

.CMC3 Fig.2. Magnetic field magnitude profile showing contra directional coupling of energy from
fiber to a photonic crystal waveguide (2-D FDTD simulation).
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suited for integrated optics. Due to the symmetry
of the structure, the coupling scheme works for
both input coupling and output coupling.

In summary, this coupling method, which
makes use of currently available manufacturing
processes, results in over 90% coupling efficiency.
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The research on planar photonic crystal wave-
guides (PCW’s) is presently to a large extent fo-
cusing on PCW designs where the effective re-
fractive index of the waveguiding region is high
compared to that of the surrounding photonic
crystal. From calculated dispersion relations it
has been found that the guided electromagnetic
modes in this type of waveguide are often charac-
terized by a very low group velocity, and guidance
is achieved only for rather limited frequency in-
tervals (see e.g. [1]). The purpose of this paper is
to provide design principles that will make possi-
ble the realization of planar PCW’s that support
leakage-free bandgap guidance of light over large
frequency intervals.

Our design idea is best illustrated by giving an
example. In Fig. 1 we consider the dispersion
properties for a PCW based on introducing a line
defect in a photonic crystal with air-holes
arranged periodically on a triangular lattice in sil-
icon {dielectric constant 12). The diameter of the
air-holes is D = 0.66 A, where A is the lattice con-
stant. The waveguide is shown as an inset. The di-

0.1 0.2 03 04 05
kA2R

CMC4 Fig. 1. Banddiagram for a photonic
crystal waveguide based on introducing a line de-
fect in a photonic crystal where air-holes are
arranged on a triangular lattice in silicon. The
line defect consists of a silica region with refrac-
tive index n = 1.4 and width 1.4 A. The inset
shows the structure.
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agram shows the allowed combinations of Bloch
wave vector k and normalized frequency A/A,
where X is the free space wavelength. The contin-
uums VB and CB correspond to modes of the
photonic crystal material surrounding the wave-
guide. Between VB and CB there is a photonic
bandgap. The dashed line shows the dispersion
curve for bulk silica (dielectric constant 2.0), and
silica was chosen because the dispersion curve of
bulk silica runs through the entire photonic
bandgap of the photonic crystal. We can expect
that if we introduce a wide line defect in the pho-
tonic crystal consisting of silica as shown in the
inset there will be guided modes that to some ex-
tent follow the dispersion curve of bulk silica. The
discrete bands (thin solid curves) correspond to
the guided modes for the case of a waveguide
width given by W, = 1.4 Aand W, = W, + A-D.
The thick solid line indicates the light line. Leak-
age-free guidance of light by the waveguide is
only possible for the mode solutions that corre-
spond to discrete bands below the light line for a
finite-height PCW suspended in air.? In Fig. 1
there is one discrete band below the light line that
follows the dashed curve. Our waveguide design
is therefore characterized by first of all a large
bandwidth, and secondly it is characterized by a
relatively high group velocity giving a better
modal dispersion match with the modes of stan-
dard waveguides used for coupling light into the
PCW.

The example given above demonstrates the
general idea for obtaining a large bandwidth. The
general idea is not, however, restricted to line de-
fects consisting of a glass channel. A similar effect
can be obtained by using e.g. a variety of mi-
crostructured materials in the line defect when
the dispersion relation of those materials runs
through the photonic bandgap. A two- and three-
dimensional plane-wave-expansion analysis of a
variety of large-bandwidth PCW’s will be pre-
sented at the conference.
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Photonic crystal fibers (PCFs) have recently
gained a great deal of interest for their remarkable
waveguiding properties.! This new kind of fiber
relies on the photonic band created by a de-
formed 2D periodic pattern of air rods in dielec-
tric medium to guide the light. Moreover, control

over the hole pattern enables tailoring modal and
dispersion properties without having to resort to
complex fiber perform.

Waveguiding properties of PCFs have been in-
vestigated using plane wave expansion meth-
ods.>* However, Ez and Hz coupling is neglected
in this formulation. In this paper we utilize a full
vectorial formulation for the wave equation as
applied to PCF’s. This rigorous approach handles
any cavity shape or distribution of holes for exact
calculations of the complex coupled modes.

The inhomogeneous problem in PCF is di-
vided in two homogeneous problems. The fields
are derived inside and outside the rods, taking
into account the effect of the structure. The scat-
tered light from each rod is calculated from
Maxwell’s equations with the appropriate appli-
cation of the boundary conditions at that rod.
Multiple scattering effects on each rod from the
surrounding rods are included in the continuity
conditions through a so-called local incident
light. Finally, the total scattered field at all points
in space is given by the superposition of the field
scattered from each individual rod.

The z components of the propagating modes

of the Electric and Magnetic Fields are repre-
sented in cylindrical coordinates with®

Fr,0,2) = F(r, )™ )

B corresponds to the z component of the wave
vector. The field components at each rod are rep-
resented by their Hankel/Bessel expansion as pre-
sented in.® Applying the continuity of the tangen-
tial field components, z and ¢, at the air rod
interface, we get the following two vector equa-
tions.
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, a+B, b=C, ¢ (3)
Vectors a, b and c represent the expansion coeffi-
cients of the z components of the electric and
magnetic fields of the local incident, scattered
and transmitted light respectively. 4,, 4,, B, B,
and C, are square matrixes result from the
boundary conditions. From (2) and (3) and using
the linear relation between 4 and b derived from
the local incident field, we get the following rela-
tion

M@B)-b=0 @)

The roots of |M(B) | in (4) correspond to the
allowed propagating hybrid modes in the PCE
The vector b is then derived for each allowed
mode by solving the Eigen-value problem in (4).
The number of the very distinct small Eigen-val-
ues corresponds to the number of degenerate
modes. This vector formulation was applied to
the structure shown in Fig. 1. Some resulting
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CMC5 Fig.1. Ringshaped cavity.
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CMC5. Fig.2. Fundamental and higher order modes for a ring cavity PCE.
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