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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,® 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 Physic§DOI: 10.1063/1.1556556

A two-dimensional2D) photonic crystalPC) slab—~° The Q factor depends on the magnitude of coupling be-
a thin dielectric slab with a 2D photonic crystal pattern—hastween the defect mode and the external environments, which
attracted much attention as a relatively easy method tare the line defect waveguide and the free space in the case
achieve a gap in the photonic mode spectrum. Recently, wef our device, since the photons are confined completely by
have reported a very interesting phenomenon in which phothe photonic band gap effect in the in-plane direction. The
tons propagating along a line defdéataveguide are trapped total Q factor can be expressed as
and emitted to the free space by a single point defect created
in an air bridged 2D PC slab with triangular lattice patterns 1QR=1/Qin+11Qy, 1)
of air holes, as shown in Fig.(d." Moreover, we have whereQ;, (Q,) represents a quality factor evaluated by as-
shown that the tuning of emission wavelength is possible byuming the coupling loss only to the waveguide mo@es
selecting appropriate geometry of the structure while mainthe free-space mode$® Although we can limitlessly in-
taining the maximal emission efficientf. The phenomena creaseQ;, by increasing the distance between the defect and
can be applied for surface-emitting-type ultrasmall channethe waveguide, we should note tf@} must be equal t®;,
add/drop filters for wavelength division multiplex@/DM) in order to obtain the maximum output efficiency of the fil-
optical communication systems. tering device(which is 50%.%° Therefore, the totaQ be-

Such application requires considerably high device percomes half ofQ, when the output efficiency is optimized to
formance such as high filtering resolution and coupling effi-necome maximum, so that high filters need highQ, cavi-
ciency with external optics. Our past studies have focused ofies.
devices which utilize acceptor-type defe@slarged air hole In this letter, we investigate various donor defects with
rods. However, the quality Q) factors of those filters, one to three missing holes which are filled with the same
which determine the resolution of the filtering operation, aredielectric substance as the slab. From now on, we call the
at most 500, and are insufficient for the application to WDM
systems. Meanwhile, over the past few years, several studies
have been done by other groups on the improvemer® of
factors of defect cavitie3® In such studies, the combination
of the highQ factors and small mode volumes are consid-
ered very important since the goal is to realize high perfor-
mance active light-emitting devices such as zero-threshold %
lasers, etc. However, the requirement for the mode volume
size is not essential for this channel add/drop filter since it is
a passive device, as long as the cavity is single mode for the
concerning spectral rangéree spectral range more than 30
nm is required for WDM applications.Instead, we must
consider the interaction between the defect cavity and the
line defect waveguide.

fi‘d\'

FIG. 1. (a) Schematic of a surface emitting channel add/drop filtering de-

vice, which consists of 2D PC slab with a line defect waveguide and a single

point defect. The definitions of lattice constanand the distancd between

30n leave from: Itami Research Laboratories, Sumitomo Electric Industriesthe waveguide and the defect are also shoflih-(€) Schematics showing
Ltd., Itami, Hyogo 664-0016, Japan; electronic mail: y-akahane@sei.co.jghe definitions of defect types.
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TABLE I. Quality factors and resonant frequenciesisilateddefect cavi- 100000— T T T
ties calculated by 3D-FDTD method. The defect types are defined in Figs. 50000F 3
1(b)—1(e). The quality factors are for the fundamental mode, and not for the
next higher order mode. The table also includes the results for the acceptor
type defect(Al) with a typical air hole radius (0.5 and transmitting 110000 F
range of the waveguide which is taken from the Ref. 3. 5000F 3
Quality factor Frequency ¢/a) 1000— , . y
Defect type (fundamental mode Fundamental mode Next higher mode 3 4 5 6
Distance d [rows]
L1 300 0.288 0.288
L2 1400 0.273 0.288 FIG. 2. Plot of the total Q), in-plane Q;,), and vertical Q,) quality
L3 5200 0.267 0.285 factors calculated for L3 donor type defect as a function of the distence
T3 2500 0.267 0.278 between the defect and waveguide.
Al 900 0.274
Waveguide .o 0.263-0.280

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

- o _ Next, we calculated the characteristics of the add/drop
defects shown in Figs. ()—1(e) as L1 (one missing air  geyice which consists of an L3 defect and a waveguide with
hole), L2 (two missing air holes L3 (three missing air holes  jne missing row of air holes by using the 3D FDTD method.
of a linear shape and T3(three missing air holes of a trian- Figure 2 shows the in-plane,), vertical (Q,), and total
gular shapg respectively. We discuss no defect with asym- () quality factors of the defect cavity as a function of the
metric shape because it is not promising from the viewpoingistance @) between the centers of the defect and waveguide
of the spatial quality of the output light. The spatial and [see Fig. 18)]. The boundary for separation of vertical from
polarization modes of the light emitted to free space are alsgyterg| losgi.e., Q, from Q,,) is positioned at a distance af
important which determine the coupling efficiency with ex- from the surface of the membrane. In this calculatidris
ternal optics. We present a theoretical analysis on the frechanged from 3 to 6 rows, where one row is equal to a
qguency, quality factor, and light-emission characteristics ofjistance of/3a/2. In Fig. 2, we see thad,, increases expo-
the defects. nentially with the increase af, while Q, is almost constant.

As the first Step in our analySiS, we investigamatEd Qin becomes Considerab|y close @/ whend is equa| to
defects, i.e., single defects in the PC slab withoutiour rows, and the output efficiency of the device becomes
waveguides, and evaluated tiefactors and resonant fre- maximal at this distance, as previously described. The effi-
quencies of the defect cavities. In this case, the Qtaf an  cjency in this case was estimated to be 49.0% by using the
isolated defect becomes equal@q sinceQ;, becomes infi-  coupled mode theory*° The totalQ factor at this distance is
nite [see Eq(1)]. We used the three-dimensior{@D) finite-  about 2900, and the filtering resolution of the de\iioeea-
difference time-domaifFDTD) method™**for the calcula-  sured by the full width at half maximufFWHM)] becomes
tion and assumed that a radius of air holes and thickness @fs narrow as 0.5 nrfassuming that the center wavelength is
slab are 0.28 and 0.@, respectively, whera is the lattice  1.55 um). We also calculated the relationship between the
constant of the PCsee Fig. 18)]. The refractive index of the defect frequency and, which demonstrates the fact that the
dielectric slab is assumed to be 3.4, which corresponds tgesonant frequency is almost constant (0.267— @263
that of silicon at 1.55um. In Table I, we show the results and is within the transmitting region of the waveguide. The
calculated for the four types of donor defects. In the calcuresult also indicates that the interaction between the wave-
lations, the defects are surrounded by more than 12 periodfuide mode and defect mode is not very strong, which en-
of PC layers(We have confirmed that th@ factors deter- sures that both modes can be designed individually.
mined by the in-plane losses through the PC layers are as Moreover, we investigated the spatial and polarization
much as about 2 000 000n Table | we also show the results modes of light emitted from the devices. First, we calculated
for anisolated acceptotype defect with a typical air hole the spatial mode, in other words, the radiation pattern of the
radius (0.5@), which we refer to as Al in the following, and emitted light by assuming an observation plane which dis-
also the transmitting region of a line defect waveguide withtance from the slab center is 4.3The distribution of the
one missing row, for comparison. In Table |, we can see thavertical elements of the pointing vectors at this plane was
the Q factors of the donor defectexcept for L1 become extracted from the electromagnetic field and time averaged
larger than that of the acceptor of@00 and that of L3 is  for several tens of cycles. The result calculated for the device
the highest(5200. As for the resonant frequencies of the with an L3 defect is shown in Fig.(8). The calculation was
defects, it is seen that the frequency of L3 is within thealso carried out for the device with an Aacceptoy defect
transmitting region of the waveguide, which is very impor- for comparisoriFig. 3(b)]. In Figs. 3a) and 3b), we see that
tant for the device operation as can be easily understoothe radiation pattern out of the device with an L3 defect is
from the operation principl(We can also adjust the trans- much narrower than that out of the device with an Al defect.
mitting region by changing the parameter of the waveguiddt is also seen that the radiation pattern from L3 has a peak at
so as to overlap with the defect frequeridyMoreover, we  the center, while that from A1 is ring-like. For the quantita-
found that the higher order modes of L3 are outside thdive evaluation, we have evaluated the radiation angle in the
transmitting region of the waveguidéhe next higher mode cross section, which is vertical to the slab and parallel to the

frequency is 0.28&54a), which indicates that the defect has a waveguide. Here, the radiation angle is defined as an apex
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in-plane electric field component&( andE, defined in the
@ defect (b figure) of the defect mode, which is observed at the center of
/ the slab. Here, we discuss for simplicity only the light emit-
R ted in the direction vertical to the slab. In this case, the DC
component of the Fourier transformation, in other words, a
simple spatial integration of the near field determines the
Y Couide polarization mode of the radiation. In the figures, we see that
Ex is symmetric about botlk andy axes, whileE, is anti-

L3 defect Acceptor defect symmetric about both axes. Therefore, spatial integration of
AR AR the E, component inevitably becomes zero while thaiEgf

is not always zero, in fact, the calculated result is not zero.
FIG. 3. Calculated radiation patterns of the filtering devices which make Users g result. the light emitted vertically from the defect has
f the L3 def the A1 t fect(b). ' . . -
of the L3 defect(d) and the Al(acceptof defect(b) the E, component only, which means that the light is linearly
polarized in thex direction. The result suggests that the de-
angle of the arc that includes half of the radiation powerfect engineering with respect to the radiation mode may be
which is integrated in the direction vertical to the waveguide possible by developing the above considerations.
The radiation angle in this cross section is very important for  In summary, we have theoretically investigated the char-
considering crosstalk with the other point defects that will beacteristics of donor defects with one to three missing air
created along the waveguide in the multichannel devites holes for the application to surface-emitting channel add/
final targej. It was found that the radiation angle of the L3 drop filtering devices. The device which utilizes a line-
device is as narrow as 30°, while that of the Al device is ashaped defect with three missing air holes has been shown to
wide as 103°. The results suggest that L3 is superior to thbave very high filtering resolution, of which quality factor is
acceptor defects from the viewpoint of crosstalk, as well. as high as 290@which corresponds to FWHM of 0.5 nm
Next, we examined the polarization mode of the emittedassuming that the center wavelength is 168). We have
light by evaluating its Stokes parameter. Here we definedlso found that the light emitted from this donor-type defect
that the origin of the polarization angle is the direction par-has a very narrow radiation angle of 30° and is linearly po-
allel to a waveguide. The results are as follows: The Stokefarized, which are very important for the coupling with ex-
parameter 1, S2, S3) is (—0.98,—0.00, 0.00 in the case ternal optics. It shows that the utilization of the donor type
of the defect L3, and0.08, 0.00, 0.00in the case of the defect greatly improves the performance of the ultrasmall
acceptor defect. This clearly shows that the light emittedchannel add/drop filtering devices in comparison to that of
from the defect L3 is almost linearly polarized in the direc-the previous devices which utilize acceptor type defects.
tion vertical to the waveguide, while that from the defect A1 These are very promising and encouraging results, which
is considerably depolarized. Both polarization characteristiceromote the application of 2D PC slabs, for example, to
are useful depending on the characteristics of the externA¥DM communication systems.
optics and devices, and linearly polarized light from L3 is
considered especially useful for most applications.
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from the defect L3 is linearly polarized. In general, the far
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