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Dropping of electromagnetic waves through localized modes
in three-dimensional photonic band gap structures
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We experimentally demonstrate trapping and dropping of photons through localized cavity modes in
three-dimensional layer-by-layer photonic crystal structures. By creating acceptor- and donor-like
cavities which are coupled to a highly confined waveguide~HCW!, we drop selected frequencies
from the waveguide mode. Tunability of the demultiplexing structures can be achieved by changing
the properties of cavities and the coupling between the cavity and the HCW. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1528733#

In recent years, there has been much interest in the pos-
sible realization of photonic crystals for the design of optical
components and circuits.1 Up to now, various applications of
photonic band gap~PBG! structures have been experimen-
tally demonstrated including waveguides,2–5 power
splitters,4,6,7 switches,6 lasers,8 and wavelength division mul-
tiplexing ~WDM!.9–11

Photonic band gap structures can also be used to con-
struct the optical add-drop filters which can be used effec-
tively in WDM applications. The first photonic crystal based
WDM structure was proposed by Fanet al. using resonant
tunneling phenomena between two waveguides via cavities.9

Kosaka et al. reported WDM filters using superprism
phenomena.10 Noda and his co-workers proposed and experi-
mentally demonstrated trapping and dropping of photons via
cavity–waveguide coupling in two-dimensional~2D! pho
tonic crystal slabs.11 Nelsonet al. reported wavelength sepa-
ration using one-dimensional~1D! dielectric multilayer
stacks.12 Recently, various types of WDM structures in 2D
photonic crystals have also been reported.13–16

Most of the foregoing applications are built around 2D
PBG structures. However, to avoid the leakage problem in
2D structures, either one has to extend the size of the pho-
tonic crystal in the vertical direction, or use a strong index-
guiding mechanism in the vertical direction.17 Another way
to eliminate the leakage problem is to use 3D photonic crys-
tals in such applications.18,19 Even if the fabrication of 3D
photonic crystals is not easy, the introduction of 3D photonic
structures is twofold. First, 3D crystals have rejection rates.
Second, one can confine light within a very small volume of
3D structures, and this property leads to very high quality.20

Recently, a method for full confinement of the electro-
magnetic~EM! waves utilizing 3D layer-by-layer photonic
crystals was reported.4,19,21,22A single rod is removed from
an otherwise periodic crystal in order to construct
waveguides, which are also called highly confined
waveguides~HCWs!. Photons can propagate through the va-
cancy of the rod that was removed@see Fig. 1~a!# without
any loss in radiation~for certain wavelengths!. Various pho-

tonic components such as waveguides, waveguide bends, and
power dividers, which are built around HCWs, have been
experimentally demonstrated.4 In this letter, we demonstrate
a method for dropping photons in 3D layer-by-layer photonic
crystals.

A layer-by-layer dielectric based photonic crystal20,23,24

is used to construct the demultiplexing structures. The crystal
consists of square shaped alumina rods having a refractive
index of 3.1 at microwave frequencies and dimensions of
0.32 cm30.32 cm315.25 cm. A center-to-center separation
between the rods of 1.12 cm is chosen to yield a dielectric
filling ratio of ;0.26. The unit cell consists of four layers
that have the symmetry of a face-centered-tetragonal~fct!
crystal structure. The crystal exhibits a three-dimensional
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FIG. 1. Dropping of electromagnetic waves in 3D photonic crystal struc-
tures.~a! Schematics of the highly confined waveguides. The EM waves are
tightly confined, and propagate along the vacancy of a single rod~white rod!
removed from a 3D layer-by-layer photonic crystal.~b!, ~c! Proposed con-
figurations for demultiplexing applications in photonic crystals. Some por-
tion, d, of a single rod is removed to construct an acceptor-like defect mode.
~d! Schematic drawing of the mechanism for dropping photons via coupling
between a highly confined waveguide and localized cavity modes.
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photonic band gap that extends from 10.6 to 12.8 GHz.24 The
experimental setup consists of an HP 8510C network ana-
lyzer and microwave horn antennas to measure the
transmission-amplitude spectra. The electric-field polariza-
tion vector of the incident EM field is always parallel to the
stacking direction of the layers for all measurements.

In order to demonstrate the demultiplexing phenomena,
we designed a structure that consists of a HCW and cavities
@see Figs. 1~b! and 1~c!#. The highly localized defect modes,
with quality factors (Q5v0 /Dv) around 1000, are gener-
ated either by removing some portion of the rod or by adding
additional materials to the crystal.25–27 Due to coupling be-
tween the guided mode inside the waveguide and the local-
ized cavity modes, the EM waves at the resonance frequen-
cies of the cavities are dropped from the waveguide mode
@See fig. 1~d!#.

The waveguide is constructed by removing a single rod
from the 11th layer of the crystal which contains 5 unit cells
along the stacking direction. Then, we construct an acceptor-
like defect by cutting some portion of the rod which is at the
same layer as the waveguide@Fig. 1~b!#. The defect volume,
and therefore the cavity frequency, is varied by changingd.
The distance between the defect and the waveguide is fixed
at D54a.

We first measure the transmission through the waveguide
(1→2) ~see the inset in Fig. 2!. As shown in Fig. 2~a!, the
HCW has a guiding band~solid line! extending from f
50.437c/a to 0.481c/a. The transmission spectrum exhibits

a dip at frequencyf 50.4555c/a. We then measure the trans-
mission~dotted line! through the cavity (1→3). As shown
in Fig. 2~a!, a transmission peak~with a quality factor around
700! appears in the spectrum at the same frequency as the
dip in the waveguide spectrum. For comparison, the trans-
mission spectrum of a perfect crystal is also displayed in Fig.
2~a! which exhibits a stop band betweenf 50.407 and
0.490c/a.

Based on this observation, we conclude that the photons
at the resonance frequency of the defect mode are first
trapped in the cavity and then are emitted from the cavity.
The quality factor of the dropping mode can be adjusted by
changing the distanceD. Since the resonance frequency de-
pends on the defect volume, we can tune the dropping fre-
quency by increasing or decreasing the distanced. In order to
demonstrate the tunability of our WDM structures, we mea-
sure the transmission spectra for three different values ofd,
0.9, 1.3, and 1.6 cm. As shown in Fig. 2~b!, the dropping
frequency can be tuned by changing the value ofd.

The second demultiplexing structure is displayed in Fig.
1~c!. In this configuration, the cavity is formed by cutting
some portion of a rod at the upper layer~12th layer! of the
HCW layer. The measured transmission characteristics are
plotted in Fig. 3~a! for parameters D53.5a and d
50.75 cm. The EM waves, with resonance frequencyf
50.4464c/a, are filtered from the waveguide mode. We also
observe a corresponding dip in the HCW spectrum at the
same frequency. The tunability of the dropping mode is pre-
sented in Fig. 3~b!. We measured the transmission spectra by
varying parametersD andd. As shown in Fig. 3~b!, the reso-

FIG. 2. ~a! Measured transmission characteristics of the demultiplexing
structure in Fig. 1~b!. Photons with frequencyf 50.4555c/a are dropped
from the waveguide mode. There is a corresponding drop in the transmission
spectrum of the waveguide mode at the same resonance frequency. The
transmission spectrum of the perfect crystal is also plotted for comparison.
Inset: Schematic drawing of the demultiplexing geometry with parameters
d51.3 cm andD54a. ~b! Measured transmission spectra corresponding to
various values ofd for fixed D. Tunability of the dropping frequencies can
be achieved by varyingd.

FIG. 3. ~a! Measured transmission characteristics of the demultiplexing
structure in Fig. 1~c!. EM waves with frequencyf 50.4464c/a are dropped
from the HCW mode. There is a corresponding drop in the transmission
spectrum of the waveguide mode at the same frequency. Inset: Schematic
drawing of the demultiplexing geometry.~b! Measured transmission spectra
corresponding to the various values of parametersD andd.
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nance frequency is shifted by changing parametersD andd.
We also investigate the demultiplexing phenomena by

introducing donor-like defects into the crystal. An additional
piece of rod of lengthd51.3 cm is placed at the 12th layer,
at a distanceD54a from the HCW~see the inset in Fig. 4!.
The measured transmission spectrum is displayed in Fig. 4.
We observe dropping of a selective frequency similar to in
the acceptor-like defect case. The EM waves at resonance
frequency off 50.4545c/a are filtered from the waveguide
mode through the donor-like defect. The waveguide mode
has a well-defined dip at the same frequency.

It is important to note that the quality factor of the drop-
ping mode depends on the properties of the cavity and the
coupling between the waveguide and the cavity modes.
Moreover, by using the method reported by Fan and his co-
workers, we can increase the transmission amplitude of the
dropping mode9,28 by introducing accidental degeneracy into
the system. For instance, by using two weakly interacting
cavities, one can achieve complete dropping of the selected
frequency from the waveguide mode.

In conclusion, we measured microwave transmission
spectra corresponding to WDM structures in 3D photonic
crystals. Photons with a certain wavelength are dropped from
the waveguiding mode due to the coupling between the cav-
ity and the highly confined waveguide. Our results can be
used for designing filters and WDM components in future
ultrasmall optical circuits.
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FIG. 4. Measured transmission characteristics of the donor-type demulti-
plexing structure. The electromagnetic wave at resonance frequencyf
50.4545c/a is dropped from the waveguide mode. Inset: Schematics of the
demultiplexing geometry in which the cavity is formed by adding extra
material~black rod!.
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