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Design of a channel drop filter by using a donor-type cavity
with high-quality factor in a two-dimensional photonic crystal slab

Yoshihiro Akahane,a) Masamitsu Mochizuki, Takashi Asano, Yoshinori Tanaka,
and Susumu Noda
Department of Electronic Science and Engineering, Kyoto University, Core Research for Evolutional
Science and Technology (CREST), Japan Science and Technology Corporation (JST), Kyoto 606-8501, Japan

~Received 31 July 2002; accepted 4 January 2003!

We report a design of the surface-emitting-type channel drop filters based on point defect cavities
and line defect waveguides in two-dimensional photonic crystal slabs, which aim to improve the
filtering resolution and light emission characteristics. Since the filters are passive, the mode volume
size of the defects needs not be minimized, but the interaction between the defect cavity and the line
defect waveguide must be considered. By adopting a donor-type point defect with three missing
holes of linear shape, the quality factor of the filter theoretically increases to values as high as 2900
while it reached only 500 in the previously utilized acceptor-type defect. The results suggest that this
donor-type defect is very useful for the development of ultrasmall channel add/drop
devices. ©2003 American Institute of Physics.@DOI: 10.1063/1.1556556#
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A two-dimensional~2D! photonic crystal~PC! slab—1–9

a thin dielectric slab with a 2D photonic crystal pattern—h
attracted much attention as a relatively easy method
achieve a gap in the photonic mode spectrum. Recently
have reported a very interesting phenomenon in which p
tons propagating along a line defect~waveguide! are trapped
and emitted to the free space by a single point defect cre
in an air bridged 2D PC slab with triangular lattice patter
of air holes, as shown in Fig. 1~a!.1 Moreover, we have
shown that the tuning of emission wavelength is possible
selecting appropriate geometry of the structure while ma
taining the maximal emission efficiency.3,4 The phenomena
can be applied for surface-emitting-type ultrasmall chan
add/drop filters for wavelength division multiplexed~WDM!
optical communication systems.

Such application requires considerably high device p
formance such as high filtering resolution and coupling e
ciency with external optics. Our past studies have focused
devices which utilize acceptor-type defects~enlarged air hole
rods!. However, the quality (Q) factors of those filters,
which determine the resolution of the filtering operation, a
at most 500, and are insufficient for the application to WD
systems. Meanwhile, over the past few years, several stu
have been done by other groups on the improvement oQ
factors of defect cavities.8,9 In such studies, the combinatio
of the highQ factors and small mode volumes are cons
ered very important since the goal is to realize high perf
mance active light-emitting devices such as zero-thresh
lasers, etc. However, the requirement for the mode volu
size is not essential for this channel add/drop filter since
a passive device, as long as the cavity is single mode for
concerning spectral range.~Free spectral range more than 3
nm is required for WDM applications.! Instead, we must
consider the interaction between the defect cavity and
line defect waveguide.

a!On leave from: Itami Research Laboratories, Sumitomo Electric Indust
Ltd., Itami, Hyogo 664-0016, Japan; electronic mail: y-akahane@sei.c
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The Q factor depends on the magnitude of coupling b
tween the defect mode and the external environments, w
are the line defect waveguide and the free space in the
of our device, since the photons are confined completely
the photonic band gap effect in the in-plane direction. T
total Q factor can be expressed as

1/Q51/Qin11/Qv , ~1!

whereQin (Qv) represents a quality factor evaluated by a
suming the coupling loss only to the waveguide modes~to
the free-space modes!.3,5 Although we can limitlessly in-
creaseQin by increasing the distance between the defect
the waveguide, we should note thatQv must be equal toQin

in order to obtain the maximum output efficiency of the fi
tering device~which is 50%!.3,10 Therefore, the totalQ be-
comes half ofQv when the output efficiency is optimized t
become maximum, so that highQ filters need highQv cavi-
ties.

In this letter, we investigate various donor defects w
one to three missing holes which are filled with the sa
dielectric substance as the slab. From now on, we call

s,
jp

FIG. 1. ~a! Schematic of a surface emitting channel add/drop filtering
vice, which consists of 2D PC slab with a line defect waveguide and a si
point defect. The definitions of lattice constanta and the distanced between
the waveguide and the defect are also shown.~b!–~e! Schematics showing
the definitions of defect types.
1 © 2003 American Institute of Physics
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defects shown in Figs. 1~b!–1~e! as L1 ~one missing air
hole!, L2 ~two missing air holes!, L3 ~three missing air holes
of a linear shape!, and T3~three missing air holes of a trian
gular shape!, respectively. We discuss no defect with asy
metric shape because it is not promising from the viewpo
of the spatial quality of the output light. The spatial a
polarization modes of the light emitted to free space are a
important which determine the coupling efficiency with e
ternal optics. We present a theoretical analysis on the
quency, quality factor, and light-emission characteristics
the defects.

As the first step in our analysis, we investigatedisolated
defects, i.e., single defects in the PC slab witho
waveguides, and evaluated theQ factors and resonant fre
quencies of the defect cavities. In this case, the totalQ of an
isolated defect becomes equal toQv sinceQin becomes infi-
nite @see Eq.~1!#. We used the three-dimensional~3D! finite-
difference time-domain~FDTD! method11,12 for the calcula-
tion and assumed that a radius of air holes and thicknes
slab are 0.29a and 0.6a, respectively, wherea is the lattice
constant of the PC@see Fig. 1~a!#. The refractive index of the
dielectric slab is assumed to be 3.4, which correspond
that of silicon at 1.55mm. In Table I, we show the result
calculated for the four types of donor defects. In the cal
lations, the defects are surrounded by more than 12 per
of PC layers.~We have confirmed that theQ factors deter-
mined by the in-plane losses through the PC layers are
much as about 2 000 000.! In Table I we also show the result
for an isolated acceptor-type defect with a typical air hole
radius (0.56a), which we refer to as A1 in the following, an
also the transmitting region of a line defect waveguide w
one missing row, for comparison. In Table I, we can see t
the Q factors of the donor defects~except for L1! become
larger than that of the acceptor one~900! and that of L3 is
the highest~5200!. As for the resonant frequencies of th
defects, it is seen that the frequency of L3 is within t
transmitting region of the waveguide, which is very impo
tant for the device operation as can be easily underst
from the operation principle.3 ~We can also adjust the trans
mitting region by changing the parameter of the wavegu
so as to overlap with the defect frequency.13! Moreover, we
found that the higher order modes of L3 are outside
transmitting region of the waveguide~the next higher mode
frequency is 0.285c/a), which indicates that the defect has

TABLE I. Quality factors and resonant frequencies ofisolateddefect cavi-
ties calculated by 3D-FDTD method. The defect types are defined in F
1~b!–1~e!. The quality factors are for the fundamental mode, and not for
next higher order mode. The table also includes the results for the acc
type defect~A1! with a typical air hole radius (0.56a) and transmitting
range of the waveguide which is taken from the Ref. 3.

Defect type
Quality factor

~fundamental mode!

Frequency (c/a)

Fundamental mode Next higher mod

L1 300 0.288 0.288
L2 1400 0.273 0.288
L3 5200 0.267 0.285
T3 2500 0.267 0.278
A1 900 0.274 ¯

Waveguide ¯ 0.263–0.280
~transmitting range!

¯

Downloaded 06 Mar 2008 to 130.54.110.22. Redistribution subject to AIP
-
t

o

e-
f

t

of

to

-
ds

as

at

d

e

e

wide free spectral range. The results suggest that L3 is
most useful from the viewpoint of the filtering resolution
the device.

Next, we calculated the characteristics of the add/d
device which consists of an L3 defect and a waveguide w
one missing row of air holes by using the 3D FDTD metho
Figure 2 shows the in-plane (Qin), vertical (Qv), and total
(Q) quality factors of the defect cavity as a function of th
distance (d) between the centers of the defect and wavegu
@see Fig. 1~a!#. The boundary for separation of vertical from
lateral loss~i.e.,Qv from Qin) is positioned at a distance ofa
from the surface of the membrane. In this calculation,d is
changed from 3 to 6 rows, where one row is equal to
distance ofA3a/2. In Fig. 2, we see thatQin increases expo-
nentially with the increase ofd, while Qv is almost constant.
Qin becomes considerably close toQv when d is equal to
four rows, and the output efficiency of the device becom
maximal at this distance, as previously described. The e
ciency in this case was estimated to be 49.0% by using
coupled mode theory.3,10The totalQ factor at this distance is
about 2900, and the filtering resolution of the device@mea-
sured by the full width at half maximum~FWHM!# becomes
as narrow as 0.5 nm~assuming that the center wavelength
1.55 mm!. We also calculated the relationship between
defect frequency andd, which demonstrates the fact that th
resonant frequency is almost constant (0.267– 0.268c/a),
and is within the transmitting region of the waveguide. T
result also indicates that the interaction between the wa
guide mode and defect mode is not very strong, which
sures that both modes can be designed individually.

Moreover, we investigated the spatial and polarizat
modes of light emitted from the devices. First, we calcula
the spatial mode, in other words, the radiation pattern of
emitted light by assuming an observation plane which d
tance from the slab center is 4.3a. The distribution of the
vertical elements of the pointing vectors at this plane w
extracted from the electromagnetic field and time avera
for several tens of cycles. The result calculated for the dev
with an L3 defect is shown in Fig. 3~a!. The calculation was
also carried out for the device with an A1~acceptor! defect
for comparison@Fig. 3~b!#. In Figs. 3~a! and 3~b!, we see that
the radiation pattern out of the device with an L3 defect
much narrower than that out of the device with an A1 defe
It is also seen that the radiation pattern from L3 has a pea
the center, while that from A1 is ring-like. For the quantit
tive evaluation, we have evaluated the radiation angle in
cross section, which is vertical to the slab and parallel to
waveguide. Here, the radiation angle is defined as an a

FIG. 2. Plot of the total (Q), in-plane (Qin), and vertical (Qv) quality
factors calculated for L3 donor type defect as a function of the distancd
between the defect and waveguide.
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angle of the arc that includes half of the radiation pow
which is integrated in the direction vertical to the waveguid
The radiation angle in this cross section is very important
considering crosstalk with the other point defects that will
created along the waveguide in the multichannel devices~the
final target!. It was found that the radiation angle of the L
device is as narrow as 30°, while that of the A1 device is
wide as 103°. The results suggest that L3 is superior to
acceptor defects from the viewpoint of crosstalk, as well

Next, we examined the polarization mode of the emit
light by evaluating its Stokes parameter. Here we defin
that the origin of the polarization angle is the direction p
allel to a waveguide. The results are as follows: The Sto
parameter (S1, S2, S3) is (20.98,20.00, 0.00! in the case
of the defect L3, and~0.08, 0.00, 0.00! in the case of the
acceptor defect. This clearly shows that the light emit
from the defect L3 is almost linearly polarized in the dire
tion vertical to the waveguide, while that from the defect A
is considerably depolarized. Both polarization characteris
are useful depending on the characteristics of the exte
optics and devices, and linearly polarized light from L3
considered especially useful for most applications.

We will now discuss the reason why the light emitt
from the defect L3 is linearly polarized. In general, the
field pattern can be evaluated by the spatial Fourier trans
mation of a near field pattern. Figures 4~a! and 4~b! show the

FIG. 3. Calculated radiation patterns of the filtering devices which make
of the L3 defect~a! and the A1~acceptor! defect~b!.

FIG. 4. Electric field distribution of the defect mode of L3.~a! Electric field
component alongx direction.~b! Electric field component alongy direction.
The definition ofx andy directions is given below the figure.
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in-plane electric field components (Ex andEy defined in the
figure! of the defect mode, which is observed at the cente
the slab. Here, we discuss for simplicity only the light em
ted in the direction vertical to the slab. In this case, the D
component of the Fourier transformation, in other words
simple spatial integration of the near field determines
polarization mode of the radiation. In the figures, we see t
Ex is symmetric about bothx and y axes, whileEy is anti-
symmetric about both axes. Therefore, spatial integration
the Ey component inevitably becomes zero while that ofEx

is not always zero, in fact, the calculated result is not ze
As a result, the light emitted vertically from the defect h
theEx component only, which means that the light is linea
polarized in thex direction. The result suggests that the d
fect engineering with respect to the radiation mode may
possible by developing the above considerations.

In summary, we have theoretically investigated the ch
acteristics of donor defects with one to three missing
holes for the application to surface-emitting channel a
drop filtering devices. The device which utilizes a lin
shaped defect with three missing air holes has been show
have very high filtering resolution, of which quality factor
as high as 2900~which corresponds to FWHM of 0.5 nm
assuming that the center wavelength is 1.55mm!. We have
also found that the light emitted from this donor-type defe
has a very narrow radiation angle of 30° and is linearly p
larized, which are very important for the coupling with e
ternal optics. It shows that the utilization of the donor ty
defect greatly improves the performance of the ultrasm
channel add/drop filtering devices in comparison to that
the previous devices which utilize acceptor type defec
These are very promising and encouraging results, wh
promote the application of 2D PC slabs, for example,
WDM communication systems.
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14205012 from the Ministry of Education, Culture, Spor
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