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Bends and splitters for self-collimated beams in photonic crystals
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We present finite-difference time-domain studies for self-collimated beams in photonic crystal
structures. Using a pulse propagation technique that eliminates the interference from the boundary
of finite photonic crystal structures, we show that the self-collimation phenomena can occur within
a relatively wide bandwidth. We also demonstrate near-perfect operation efficiencies over wide
frequency ranges in bends and splitters constructed by simply truncating the photonic crystal.
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The complex spatial dispersion properties in photo
crystal ~PC! structures provide mechanisms to control t
flow of light.1–10 Of particular interest is the self-collimatio
effect,3,6–10 by which a beam of electromagnetic wave c
propagate with almost no diffraction in a perfectly period
PC. Recent works in two-dimensional PC structures6–10have
demonstrated such an effect as an on-chip wave-guid
mechanism. In this letter, we present a computational st
of the bandwidth of the self-collimated phenomena usin
pulse propagation technique that eliminates the interfere
from the reflection at the boundary of finite PC structur
We also demonstrate near-perfect operation efficiencies
wide frequency ranges in bends10 and splitters constructed b
simply truncating the PC. Our works provide further ev
dence of the intriguing potentials of self-collimated beams
a basis for on-chip integrated photonic circuits.

We choose to study a crystal shown in the inset of Fig
which consists of a square lattice of air holes introduced i
a high index material («512). The holes have a radius o
0.35a, wherea is the lattice constant. As can be seen in F
1 in the constant-frequency contour representation of
band diagram for the TE modes,4,5 ~the TE modes have th
electric field perpendicular to the axis of the air holes!, such
a crystal provides wide-angle self-collimated propagat
along the@11# direction for the frequencies in the vicinity o
f 50.19(c/a).

To quantify the diffraction behaviors of self-collimate
beams, we truncate the crystal at a~11! surface, and place a
external dielectric waveguide, with a width of 5a, perpen-
dicular to such surface@Fig. 2~a!, inset#. A pulse consisting
of the fundamental mode of the waveguide is then exc
and incident upon the crystal. We monitor the propagat
properties of the beam thus generated inside the crysta
recording the magnetic-field amplitudes at the center of
beam at several monitor points. The field amplitude a
function of time steps taken at one such monitor point
shown in Fig. 2~a!. The field amplitude consists of a forward
propagating initial pulse that is generated by the extern
incident light, and a back-reflected pulse from the bound
of the crystal at the far end. With the use of a sufficien
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large crystal (23&a398&a), these two pulses becom
temporally separated. The Fourier transformation of only
initial pulse thus yields the propagation properties of an
tical beam inside a crystal, without the artifacts introduc
by the reflections at the crystal boundaries.

Using such a technique, we study the normalized int
sity spectra for the forward-propagating initial pulse in t
crystal, at several monitor points located at distances rang
from 8.5&a to 58.5&a away from the truncation of the
crystal @Fig. 3~b!#. The normalization is obtained with re
spect to the intensity spectrum for a monitor point located
3.5&a from the ~11! interface. In most frequency region
the intensity decreases rapidly as a function of propaga
distance, indicating the presence of strong diffraction.
note, however, a frequency range between 0.186
0.192c/a, in which the intensity at the center of the bea
remains above 85% over a propagation distance of 55&a,
for a beam width of approximately 5a. ~In comparison, the
intensity at the center of a beam excited by the same die

FIG. 1. Equal frequency contour for a PC structure. The PC structure, w
consists of square lattice of air holes introduced in dielectric («512), is
shown in the inset. The thick solid line indicates the contour atf
50.185(c/a) in the vicinity of which the self-collimation effects occur. Th
thick dashed lines are the equal frequency contour for air atf
50.185(c/a).
1 © 2003 American Institute of Physics
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tric waveguide and propagates in a uniform Si region wo
have dropped to approximately 20% over the same prop
tion distance.! This frequency range corresponds well wi
the self-collimation region in the band structure calculat
shown in Fig. 1, and represents a bandwidth of appro
mately 50 nm when the operating wavelength is in the vic
ity of 1.55 mm. Thus, even with a beam that possesse
relatively small cross section, the self-collimation pheno
enon should in fact possess sufficient bandwidth to func
as an effective waveguide mechanism through a substa
propagating distance.

In order for self-collimated beams to function as a ba
for integrated photonic circuits, it is also important to pr
vide a mechanism for bends and splitters. In examining
constant frequency diagram shown in Fig. 1, we note that
wave vector region where the self-collimation occurs ha
kx value that lies outside the constant frequency contour
air. Therefore, a~10! crystal–air interface should behave as
total internal reflection mirror for self-collimated beam
propagating along the@11# direction, and can be used to cr
ate a sharp 90° bend10 @Fig. 3~a!#. Moreover, a beam splitte

FIG. 2. ~Color! ~a! The inset shows the schematic of the computatio
domain used for the study of self-collimation phenomena. The gray regio
the PC region. The crystal is truncated at a~11! surface through the center o
the air holes. A dielectric waveguide represents by the rectangle exci
beam inside the PC. The red dots represent the monitor points insid
crystal. These monitor points are located at the center of the beam.
figure shows the magnetic field as a function of time step at a monitor p
Notice the temporal separation of the initial propagating pulse, and the
flected pulse from the far end of the crystal.~b! Intensity spectra at the
monitor points, as shown in~a!, at distances of 8.5&a, 18.5&a, 28.5&a,
48.5&a, and 58.5&a away from the crystal boundary. The spectra a
normalized with respect to the magnetic-field spectrum recorded at
monitor point located at 3.5&a from the crystal boundary.
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can be designed by bringing two of such~10! crystal–air
interfaces in close proximity to each other@Fig. 3~b!#, with
the distance between the two interfaces controlling t
power-splitting ratio@Fig. 3~b!#.

To quantify the efficiency of such bends or splitters, w
again employ a large enough crystal (23&a348&a for
bend, and 98&a398&a for splitter! such that the results
are free from the reflected pulse from the crystal boundar
~Fig. 4, insets!. The same dielectric waveguide as shown
Fig. 2 is used to generate a beam propagating in the@11#
direction. Such a beam is then incident upon the~10!
crystal–air interfaces and is either bent or split. We integra
the intensity across the beam cross section in order to ob
the power in the incident, bent, or transmitted beam, and
obtain the efficiency of the bend or the splitter by normali
ing with respect to the incident power.
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FIG. 3. ~Color! Magnetic-field distribution as a self-collimated beam propa
gates through~a! bend and~b! splitter geometry. Red and blue represen
large positive and negative amplitudes, respectively. The solid lines indic
the position of the air holes. The inset in~b! shows the magnified version of
the structure in the vicinity of the air trench at which the beam splittin
occurs.
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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In the case of a single interface@Fig. 3~a!#, the bending
efficiency is shown in Fig. 4~a!. Near 100% bending effi-
ciency is accomplished over the entire frequency bandw
within which self-collimation occurs. In the case of a splitt
where two interfaces are present@Fig. 3~b!#, the power spec-
tra in the transmitted or bent beam are shown in Fig. 4~b!.
Within the frequency range of self-collimation, the sum
the transmitted and bent power reaches near 100% ove

FIG. 4. ~Color! ~a! Bending efficiency for the 90° bend shown in Fig. 3~a!.
~b! The red and green lines are the bending and transmission efficienc
the splitter shown in Fig. 3~b!; the black line represents the sum of th
bending and transmission efficiency. The insets in both~a! and ~b! are a
schematic of the computational setup. The gray region represents the
and the white rectangular represent the dielectric waveguide used to e
the beam.
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entire self-collimation bandwidth. In addition, the structu
behaves as a 50-50 splitter in the frequency range n
0.185c/a when the distance between the interfaces is 0.a.
Importantly, no back reflection occurs in either the bend
the splitter. The steady field patterns atf 50.19c/a for the
bend and splitter are also shown in Fig. 3. We note that
beam profile is substantially unaltered through the interac
process.

As concluding remarks, unlike typical PC
waveguides,11,12 no detailed structure tuning is needed in o
der to suppress back reflection for self-collimated beams
bend or splitter. The efficiency is near perfect over the en
wavelength range within which the self-collimation occu
Moreover, while the simulations are two-dimensional, it h
been shown in Ref. 6 that such a two-dimensional mode
fact provides a good approximation to a three-dimensio
PC slab structure. Therefore, our results strongly sugges
possibility of a completely different class of on-chip int
grated photonic components based upon self-collima
phenomena.
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