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Coupling between a point-defect cavity and a line-defect waveguide
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The properties of the coupling between a point-defect cavity and a line-defect waveguide in three-
dimensional(3D) photonic crystal are investigated theoretically using plane-wave expansion and 3D finite-
difference time-domain methods. It is shown that for the symmetric structure where the point and line defects
are on the same rod within the photonic crystal, a state is created in which the point- and line-defect modes are
completely decoupled due to the mismatch in modal symmetry, while coupled states can be formed by intro-
ducing asymmetry. In these asymmetric structures, the strength of coupling between point- and line-defect
modes is estimated as a function of the position of the end of the line-defect waveguide by estimating the
quality factor of the point-defect cavity. The quality factor is found to oscillate with small changes in the
position of the waveguide. For instance, the quality factor changes by a factor of-up.1x 10* with small
positional change. In addition, the quality factor and light extraction efficiency are estimated when the size of
the photonic crystal is finite, as in experimental circumstances. These findings provide very useful design rules
for controlling the transfer of light from the point-defect cavity to the line-defect waveguide. These coupling
structures are thought to be an important component in 3D photonic crystal optical circuits.
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I. INTRODUCTION the cavity and waveguide is performed using the plane-wave
expansion methotf:?*which is easily able to identify point-
Over the last 15 years, there has been growing interest iand line-defect modes, and the 3D finite-difference time-

the research of photonic crystal* Photonic crystal is an domain (FDTD) method?® which is able to simulate time
artificial optical material with periodically varying refractive responses of various structures. The properties of a variety of
index and an energy range, called the photonic band gagoupling structures are investigated and very useful guide-
(PBG), in which propagation of electromagnetic waves islines for controlling the transfer of light from the point-
disallowed in all directions. By introducing various defects defect cavity to the line-defect waveguide are presented.
into the photonic crystal, a variety of localized modes, such
as resonant and waveguide mode%are formed and various
scientific and engineering applications, such as control of Il. METHODS OF COMPUTATIONAL ANALYSIS

spontaneous emissidf, zero-threshold lasing, and ultra- .
small optical circuits, will be possible. Two numerical methods are used. The plane-wave expan-

Recently, remarkable results about three-dimensionation method, which involves solving Maxwell's equations in
(3D) photonic crystal which is referred to as the fr_equency domain, is used to find the existence of p0|_nt-
layer-by-layer®1! woodpile!? or stack-of-logd? structure a_nd _Ime_—defect modes, and compute the frequency and f|e_ld
have been reported. A photonic crystal consisting of 11y distribution of them. The supercell method and dense matrix

semiconductors such as GaAs and InP has been successfdﬁ';?hniques with the dielectric function computed via the in-

fabricated and exhibited a complete photonic band gap af€'S€ matrix m.etho'"d are also u;ed in calculations. The 3D
near-infrared wavelengthd—2 xm).34 A set of useful de- FDTD method is then used to directly solve Maxwell’'s equa-

sign rules for the construction of a single-mode higtop- tions in the time domain and to calculate the frequency, field

tical cavity has been theoretically develop&his photonic ~ distribution, and time response of each defect and coupled
crystal has considerable potential for the creation of efficienf’0de- Line-defect modes are analyzed using the 3D FDTD
light-emitting devices based on point-defect cavities. Thdnethod with periodic Bloch conditions at the lateral surfaces
next focus in the theoretical approach is on transfer of lighf"d Berenger's perfectly matched layg?ML) boundary
from point defects. We especially focus on the light extrac-conditions>“® applied to the top and bottom surfaces. To
tion by utilizing the line-defect waveguide. This design is analyze point-defect modes and structures in which the point
considered as a very important component in 3D photoni¢lefect and the waveguide are coupled, the 3D FDTD method
crystal optical circuits. Line-defect waveguides themselvegvith Berenger's PML boundary condition applied to every
have already been investigated theoreti¢ai§?and demon-  surface is employed.
strated experimentally at microwave wavelengdr®und 25 To reduce reflections from the end of the waveguide in
mm).1%-%0 coupled structures where electromagnetic waves propagate
In this paper, we present a method of coupling a pointfrom the point defect to the waveguide, the waveguide is
defect cavity to a line-defect waveguide to extract light fromintroduced into the PML medium, with electric conductivity
the cavity. Computational analysis of the coupling betweermodulated according to a relative dielectric constayt).
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Note that in 2D FETD-BPM/ which is a unified time- 8=al4
domain beam propagation method based on the finite- @ a L1 e
element method, introduction of a 2D photonic crystal wave- (AX 3
guide into PML media has been achieved with anisotropic Ay .
PML boundary condition PML media have electric and y z Ay e
magnetic conductivitiesr, ando in thex direction,o, and ) ‘
oy in they direction, ando, and o in the z direction, and x y
matching conditions in air are expressed as Z 2
Point-Defect Cavity
T (ri* ) FIG. 1. Schematic of the point-defect optical cavity wix
8_0 = E (i=xy,2). () =2Ay and shifted bya/4, formed by adding dielectric material to

photonic crystal(a) top view and(b) side view.
The modulated electric conductivity then becomes Il ANALYSIS OF ISOLATED POINT-DEFECT CAVITIES
AND LINE-DEFECT WAVEGUIDES

. = - i = . i . n
7i(N)=edr)ooj(])=edr) oy mal J/d))", @ In this paper, the parameters of the photonic crystal are

) o .. chosen to be different from that in Refs. 15 and 16. In con-
where j corresponds to the direction of the waveguide,gjgeration of the fabricating method with the wafer-fusion
o0;(j) corresponds to normal electric conductividy, max IS techniqué® and the current injection, the width of the rod is
the normal electric conductivity at the perfect electric CON-yidened, and the thickness of the rod is adjusted to maxi-
ductor (PEQ outer boundary{ oo;(d;)], d; indicates the ;e the PBG. The width and thickness of the rod are con-
thickness of the PML medium, and; is the polynomial  sequently equal to 0a8and 0.3128, wherea is the center-
grading order. EquatiofP) can also be expressed as to-center spacing of the rods. The refractive index of the

dielectric rod is assumed to be 3.375, corresponding to semi-
. (i * (0 conductor materials such as GaAs. In this section we exam-
UJ(r) O—OJ(J) g (J) . . . . . .
= = . (3) ine properties of an isolated point-defect cavity and line-
goedl) 2o Ko defect waveguide in stack-of-logs structured 3D photonic
crystal. Although the structure is different, the essence of
Ostensibly, this is equivalent to the equation for multilayerthese properties is already reported in Refs. 15 and 16.
planer structure® In the case of 3D photonic crystal, how- Therefore a small number of results, which are necessary to
ever, g(r) changes dynamically in all directions. A PML understand the properties of the coupling between a point-
thickness as large asa9(144 cellg is then used to negate defect cavity and a line-defect waveguide, are shown in this
reflection effects from the waveguide end, wherés the  paper.
center-to-center distance of the rod$ cells pera). Gener- A point-defect cavity, shown in Fig. 1, was examined. The
ally, in free space, PML media of 8—16 cells in thickness arejefect is rectangularAx=2Ay), is shifteda/4 from the
used. The ordem; and o n. are set 3 and— \/s—o(nj position of the rod center in the adjacent layer, and has the
+1)In(1(TG)/2dJ-, respectively. Moreover, a uniform dielec- same thickness as the rod within which it was embedded.
tric material of thickness & is placed alongside the PEC Normalized frequencies of resonant modes in the point de-
wall to avoid divergence problems that sometimes occur duéect are shown in Fig. 2 as a function of defect size. Vertical
to coupling of photonic crystal with the PEC wall. Detailed

results of the “photonic-crystal-buried Berenger’s PML T T -
boundary condition” will be reported elsewheitNote that .42 PR
it has been confirmed that this can be applied similarly to aS ] . P
waveguide in 2D photonic crystal slab. o) 10.85 > A
The plane-wave expansion method is good at revealing§ 0.4 - =115 2
the presence of eigenmodes and easily yields the field patg ] % g
terns of all eigenmodes. However, the plane-wave expansiorZ ¢ 3 08 G705
method which uses the supercell approach has some conve § SJd16 2
gence problems that are attributable to an insufficient num-s § ] g
ber of plane waves and the size of the supercell. Result:E ®*f 1075 {165
obtained by the plane-wave expansion method are thus utiZ - 417
lized to determine the light source and verify results of the osabi— 1 v 4 v v o 4 o 1 . ] ]
FDTD analysis, while the FDTD method is the main theory 2 Siggof gg?ec&i (AS(SZA;)'Q(a) g5

used in calculations. In addition, the pair of band edge fre-

quencies is calculated using the FDTD method with periodic  FiG. 2. Normalized frequency of the point-defect mode as a
Bloch conditions imposed at boundaries of the unit cell, andunction of cavity size. Shaded areas indicate edges of the PBG.
the plane-wave expansion method is used for light sourc&he dashed line indicates the middle frequency of the PBG. Fre-
identification and verification. quency range of the PBG is 0.3483 to 0.418%/a.

235110-2



COUPLING BETWEEN A POINT-DEFECT CAVITY AND.. .. PHYSICAL REVIEW B58, 235110 (2003

4

(@) 10°% 3 _ 14
3 E ©042E
B N O
5| n ~ o
10°% 3 > Joss S 145
L 3 C 04 2 g.
o 10% 4 o - >J15 =
2 3 | o <
of ] =S PRS- A — Jos 231552
0% E 5038 {7 o g
i k a G416 2
102_1 SN WENVUNE R N T S N N x- ﬁ T _8 g
9 1713 15 17 19 21 23 25 27 29 £0.36 Jo7s 1.65
| '\,luTb,er,Of,St?p? I?yelarslle § 17
®) it 3 \ \ , )
10°F —a—y-axis direction 3 st o1 02 03 04 0.5
qoof T x-axis direction ] Wave vector (2n/a)
o 1 1 FIG. 4. Normalized frequency of the line-defect mode as a func-
10°C ] tion of wave vector.
10°% 1 IV. ANALYSIS OF THE COUPLING BETWEEN
102F ] POINT-DEFECT CAVITIES AND LINE-DEFECT

IR N I T NN SO TN TR N TR N

3 5 76 11 13 15 WAVEGUIDES
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We have investigated the coupling between the point-
FIG. 3. Dependence of quality factor of the point-defect cavity defect cavity and the line-defect waveguide described above.
(Ax=2Ay=0.8%) on (a) the number of stripe layers alt)) the  The point defect size is taken to hex=0.8% and Ay
in-plane size in thecaxis andy-axis directions. =0.42%, giving a resonant frequency corresponding to the
single-mode region of the line-defect waveguide. The point
axes on the right side of the graph indicate photon energylefect was excited by a pulse with a Gaussian time envelope
and wavelength, with photon enerdwavelength in the and a time response of the electromagnetic field in the cavity
middle of the PBG being 0.8 e¥1.55 um). At this scalea  Was observed. Frequency was adjusted to couple only to the
is approximately 0.6um. This shows that a wide defect- Point-defect mode of interest. In this section, with the excep-
mode separation can be obtain@ver 60 meV. We then tion of Sec. IVE, the defect layer is sandwiched between a

investigate the quality facto® of the point defect §x  Pair of 17-layer stacks, i.eNs is equal to 35. This is to
—2Ay=0.8%). Q is determined by measuring the decayreduce radiation losses in the vertical direction, so that losses

constant of the electromagnetic field in the point deféct. from the point defect to the waveguide can be estimated.

The dependence @ on the size of the photonic crystal is
shown in Fig. 3, where the photonic crystal is surrounded by
dielectric material with refractive index equal to that of the  First, the coupling structure shown in Fig. 5 was exam-
dielectric rod in the photonic crystal. In Fig(e, the number ined. The point defect and waveguide are placed on the same
of stripe layersNg, is changed, where one layer consists ofrod. Time response and field pattern at the middle of the
one-dimensional stripe structure. The in-plane size is largéefect layer were measured, and the field pattern is shown in
enough, 18X 19 for Ng<19 and 2@ x 29 for Ng>19, to  Fig. 6. It is clear that light localized in the point defect does
make the in-plane radiation losses negligible. On the other

A. Symmetric structure

hand, in Fig. 8), one in-plane size is changed and the other Point-Defect Cavity
size is fixed to 28. The vertical size is set enough large, . ( .
Ng=81 (~25a). Q increases exponentially with the crystal -~ L 5 -
size. Thes&)'s are important to consider the radiation losses. y ; 4 y o/ @:
This donor-defect cavity is suitable for the light-emitting de- AT . b A ﬁ :
vices, as this could be applied to the introduction of a light AP v L./ r* Y ;
emitter into the dielectric material and single-mode operation /» / Y L a
is expected. ), i o F Y v
Next, a line-defect waveguide that is constructed by re- T ooy o » !: % ~
moving one rod from a photonic crystilwas investigated. &y r ‘o W1 $ 2
Normalized frequencies of guided modes in the waveguide fﬂg‘g ~
are shown in Fig. 4 as a function of wave vector, demonstrat- 5 gy By 5
ing that a single mode with a wide frequency rarigg me\) Line-Defect Waveguide
can be obtained. In addition, this kind of waveguide has high (removed rod)

transmission efficiencies in a 90° bend and T-branch
waveguideg®®These properties are advantageous to ultras- FIG. 5. Schematic of symmetric coupling structure with point
mall optical circuits. and line defects located on the same rod.
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FIG. 6. (Color) Distribution of the electric fieldE, across the

4|4 LR
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middle of the defect layer in the structure shown in Fig. 5. P N
3 | i ||
. A v
not propagate to the waveguide. Although separation be- = . %
tween the center of the point defect and the end of the wave- i b
guide was varied from 1&bto 3a, the two modes were not v oo
found to couple. Field distributions of the point- and line- P 04
defect modes were then observed in an attempt to find the * R TR ;
o P— : VA v
origins of the uncoupled state, as shown in Fig. 7. The cou- e L
pling structure has a symmetry planethrough the centers y ; : : : : '
of the point defect and line defect. Mirror operator of vou e e
electric field, which is a polar vector, can be expressed as S8l G
’ R + ‘ 4 b

GE(r,t)=RE(Rr,1)

=(—Ed=xy,2,1),E)(—xy,z,1),E,(—X,y,2,1)), Z

4
) ) ) ( )_ FIG. 7. (Color) Electric field distribution across the middle of
whereR is the orthogonal matrix representation of the mirrorthe defect layer fofa) the point-defect mode ar(®h) the line-defect
operators andR ! is the inverse matrix oR>? Ris denoted mode. The vector and color plots shdy, andE,, respectivelyo

by indicates the symmetry plane of each defect structure.
-1.00 formed by shifting the point defect, but this would lead to a
R=[ 0 1 o]. (5) reduction in the frequency separation of the point-defect

modes. As importance is attached to properties of the point
0 01 defect, the cavity structure is unchanged. The field pattern at

It is clear that the field of the point defect is O@E(r't) the middle of the defect Iayer is shown in Flg 9. This shows

=—&E(r,t)], while that of the waveguide is evéiE(r,t)  that the point-defect mode couples to the line-defect mode

= +&E(r,1t)]. Itis found out that the difference between the OWing to the introduction of the asymmetry.

symmetries of the point- and line-defect modes makes it im-

possible for them to couple. Note that when the point- and C. Coupled states in asymmetric structures

line-defect modes have the same symmetry, the modes

Coupling strength of point- and line-defect modes as a
couple naturally.

function of distance of the waveguide from the point defect
was investigated. Coupling strength was estimated by mea-
suring quality factoiQ of the point defectQ is defined as

As has been demonstrated, an uncoupled state is formed
due to the opposite parities of point- and line-defect modes stored energy
about the symmetry plane. In an attempt to couple the two :“’Om' (6)
defect modes, asymmetry was introduced, as shown in Fig.
8, in which the waveguide is shifted a distance af &ong  where w, is the resonant angular frequeriéyPower loss
the x axis to break symmetry. Asymmetry could also befrom the point defect is assumed to be entirely due to energy

B. Asymmetric structure
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Point-Defect Cavity

Line-Defect Waveguide

FIG. 8. Schematic of asymmetric structure where the point-
defect cavity and the line-defect waveguide are separated by an
intervening rod.

propagating into the waveguide because the point defect is
surrounded by enough photonic crystal to prevent radiation
losses. Therefore, coupling strength is inversely proportional

PHYSICAL REVIEW B58, 235110 (2003

N N N
Waveguide position L (a)

to Q.

The position of the line-defect waveguide,is defined as
shown in Fig. 10a). Figure 1@b) showsQ as a function ot
whereL changes from-3.5a to 3.5a. The in-plane size of
the photonic crystal is 28< 43a, where the edge of the pho-
tonic crystal in the—y-axis direction is introduced into the

FIG. 10. (a) Schematic of the structure containing a point-defect
cavity and a line-defect waveguide separated by an intervening rod.
The definition ofL, as the distance between the point defect and the
waveguide is illustratedb) Quality factor as a function df for the
structure in(a).

crease exponentially with. We then compare the local mini-

PML medium as described in Sec. II. The center of the pointhum atL=1.87% (Q~4.2x 10°) with the neighboring lo-

defect is placed at (12a85—12.5), setting the origin of the

cal maximum at. =2.125 (Q~6.0x 10°) to investigate the

coordinate axes the upper left corner of the photonic crystakause of the remarkable oscillation. Field distributions of the
The in-plane size is large enough to diminish radiation lossegyo cases are shown in Fig. 11. It is clear that altholigh

in the in-plane direction, and the lengthyirdirection is long

are slightly different, the intervals between the point-defect

enough for the line-defect mode to become the stable stai@ode and the start of the line-defect mode are much differ-
before propagating into the PML medium. It can be seen thagnt. In the high© structure, a weakly coupled state, which

Q is oscillatory, with small changes ih leading to large
changes iMQ. For example, a-1.1x 10* times change i)
occurs with a change ih as small as 0.18Zbwhen L~
—0.6m. For L>0, local minima ofQ can be seen to in-

Cavity

| I

> X Waveguide

FIG. 9. (Color) Distribution of the electric fieldE, across the
middle of the defect layer for the structure shown in Fig. 8.

barely couples with the line-defect mode in a similar way to
the lack of coupling in the symmetric structures studied ear-
lier, is formed at the end of the waveguide. Strength of the
point-defect mode decays exponentially with distance into
the photonic crystal. Thug) increases sharply with increase
of the above interval. Similar phenomena were also found in
other neighboring local minima and local maxima for
>0. In the case of <0, the light in the point defect can flow
into the waveguide iny-axis and—y-axis directions. The
light that flows in they-axis direction is reflected at the
waveguide end. The lights therefore interfere either construc-
tively (small Q) or destructively(large Q). This interference

is thought to be the cause of the oscillation in the case of
L<O0.

Two other coupling structures having a different number
of rods separating the point and line defects, as shown in
Figs. 12a) and 12b), were also investigated. Figure 13
showsQ plotted as a function df for structures in which the
defects are on neighboring ro® and on rods separated by
two intervening rodgb). In the case of Fig. 13), the in-
plane size of the photonic crystal is d4953a for
L=-1.5a and 2&aX43a for L<—1.5a, respectively. The
center of the point defect is located at (8.59.5a) and
(11.58,—12.53), respectively, where the coordinate origin is
the upper left corner of the photonic crystal. In the case of
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FIG. 11. (Colon Distribution of the electric field=, across the Waveguide position L (a)
middle of the defect layer in the structure shown in Figial,Qa) in . . . .
the case ofL=1.87% (Q~4.2x1C°) and (b) in the case ofL FIG. 13. Quality factor as a function of the waveguide position

=2.12% (Q~6.0x 10°%). Contour lines indicat&,=0. The color L for (&_l) th_e structure shown in Fig. 1@ and (b) the structure
bar shows the field strength ranging fromM to +M, whereM shown in Fig. 12b).
=max(E)). In the region framed by the blue line, the contrast of
the color plot has been increased, and the color bar corresponds aycle. We consider that the cause of the periodicityL
the field strength ranging from M /100 to + M/100. due to the repetitive structure of the point-defect mode when
L>0. Moreover, we describe the caselof 0, illustrated by
Fig. 13b), the in-plane size and the position of the pointthe field patterns shown in Fig. 15. It can be seen that the
defect are 28X 43a and (12.%,—12.5). In Fig. 13a), resonant mode is not only distributed throughout the point
data for the casels= —2.53, —1.0a, and—0.25 are omit-  defect but also along the line defect from the end of the
ted. ForL=—2.5a, the point-defect mode behaves in a mul- waveguide to approximately=0. As L changes, the local-
timode rather than single-mode fashion. In the other caseiged field around the end of the waveguide changes, while
(L=-1.0a,—0.25), values ofQ are so small that reliable the localized field in the point defect remains similar. We
data could not be obtained. suppose that the periodicity is related to localization around
Results of the three asymmetric structures are comparethe end of the waveguide. In Figs.(&b-15d), field patterns
Oscillations inQ are common to all of the structures; how- at local maxima ofQ are shown for the structure in which the
ever, the periodicity ofL for Q oscillations is different
among the structures. We then attempt to find the origin of o Ve N
this periodicity. We suppose that the oscillations are related a ™
to the field distribution of the point-defect mode fbi>0. 0 =i N
Positions of the waveguide end that produce local maxima in 5
Q are plotted against the spatial distribution of the point-
defect mode in Fig. 14. It can be seen that the intervals —
correspond to almost half a cycle of the point-defect mode.
The local field pattern appears to be quite similar every half
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FIG. 12. Schematic of structures with a point-defect cavity and FIG. 14. (Color) Waveguide locationggreen lineg that pro-
a line-defect waveguidéa) on the neighboring rod ang) on the  duced local maxima i are plotted on a map of the magnetic field
third neighboring rodL is a measure of the waveguide position. H, of the point-defect mode. Contour lines indicate=0.
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FIG. 15. (Color) Distribution of the electric fieldE, across the middle of the defect layer in cases wit@is locally maximal and-
<0. (a)—(d) are for the structure shown in Fig. B2, and(e)—(h) are for the structure shown in Fig. @®. Contour lines indicat&,=0. In
(e)—(h), the contrast of the color plot has been increased. The color bar corresponds to field strengthsMvénto M/5, whereM
=max(E,).

waveguide is introduced into the rod neighboring the pointfor allowing more flexible application to optical circuits.
defect. As the absolute value bfbecomes larger, fieltt, at ~ We assume that a light emitter is introduced into only
the end of the waveguidestrictly speaking, at the position a single layer. Under this assumption, the point defect
slightly above from the end of the wavegujdalternates needs to be placed in the light-emitter layer, while the line-
between the antinode and node. This result indicates thafefect waveguide can be located arbitrarily. The structure
the periodicity ofL corresponds to a quarter cycle of the shown in Fig. 16a), in which the line-defect waveguide
localized field around the end of the waveguide whennas been moved to the neighboring layer, is therefore con-
L <0. Spacings between local maxima@fin this structure  sjdered. Light is then extracted in the normal direction to the
were 0.62%, 0.7, and 0.7%, in good agreement with previous one.

the quarter period of the line-defect mode-00.8a. Local- Q as a function of the location of the waveguide, is
ized states around the end of the waveguide appear Ghown in Fig. 16b) for values ofL from 0.5 to 4.5. The

be pased on the line d_efect mode. S_lmllar results ar?n-plane size of the photonic crystal isat8 23a. The center
obtained for structures with the waveguide located on the . o

. ) ] of the point defect is sited at (1A5-11.2%), when the
second neighboring rod from the point defect. However,

when the waveguide is located on the third neighboring rod?oordm"jlte origin is the upper left corner of the photonic

slightly different results are produced, as shown in Figs_crys:tal. ForL<0.75, values ofQ are too small for reliable

15(e)-15h). The field E, at the end of the waveguide dqta_l to be acquired. Results are similar to those found in the
changes into node, node, antinode, and node as the absol@gginal structures.

value ofL increases. Node states persist because localization
around the end of the waveguide is weak, as shown in Figs.
15(e) and 15f). In this case periodicity of does not corre-
spond to a quarter period of the localized state around the
end of the waveguide.

E. Structures with a finite size of the photonic crystal

In the preceding sections, the size of the photonic crystal
was large enough to render radiation losses negligible. In this
section, the effect of the siZeadiation lossgson the quality
factor and light extraction efficiency is considered in order to
develop guiding principles that should be applied to experi-

Next, extraction of light from the crystal in a different mental work. The total quality factd® and light extraction
direction from the one previously described is exploredefficiency » can be expressed as

D. Asymmetric structure for light extraction
in the extra direction
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1 1 powerloss 1 P(t) 1 Pyg(t)+Pisdt)

Q; o stored energy wg U(t) g u(t)

_ipwg(t) iploss(t):i i
_wo U(t) wy U(t) ng+QIoss, @)

1 Puglt)
_ ng(t) _ wg U(1)
7 Pug(DF Piosd D) 1 Pug(t) + Piosd D

QT _ Qloss
Q_wg a ng+ Qloss. (8)

U(t) is stored energy in the point defed®, (t) is the

amount of power transferred from the point defect to th
waveguide, andP 1) is the amount of power radiated out

32 0 1 2 3
Waveguide position L (a)

FIG. 17. (Color) (a) Dependence of quality factor of the struc-
ture shown in Fig. 1&) on waveguide positiol. and number of
stripe layers(b) Dependence of light extraction efficieneyof the

structure shown in Fig. 18) on waveguide positioh and number
of stripe layers.

u(t)

Qi:wom (i=*xXx,+y,*2). (12

P.x(t), P,y (1), andP.(t) are the radiation power through
yz, zx and xy planes that surround the photonic crystal,
where the waveguide is formed in they-axis direction.

When the size of the photonic crystal is enough large, as

&vas the case for the data present€; is regarded as

of the photonic crystal due to the finite size of the crystaI.QWg (7~1). The values oR shown in Figs. 1), 13, and

Qug and Qs can then be defined as

u(t) u(t)
wg™ wom, loss= W0y 9)

In addition, P,,c{t) and Q,,ss are expressed as

Ploss(t) = P+x(t) + Pfx(t) + P+y(t) + P+z(t) + sz(t):
(10

1_1+1+1+1+1
Qloss Q+x Q—x Q+y Q+z Q—z,

(11)

16(b) are therefore equivalent Q4. In contrast, when no
waveguide existsQ is taken to beQoss (7~0). Qjpss CAN
be estimated by using th@'s shown in Fig. 3, wher&); (i
=+X,+Yy,*+2z) corresponds to Q in the equivalent direc-
tion. ThereforeQ+ and » in a general structure can be evalu-
ated from values 00,y and Q,ss.

In many experimental cases, 3D photonic crystal called a
layer-by-layer structure has a small number of stripe layers
and a large in-plane size. Thus, the effect of the vertical size
on Q; and 7 is especially important. For a significant ex-
ample, the dependence Qf and » on the number of stripe
layers in the structure shown in Fig. @is plotted in Fig.

17. As the number of layers decreases, b@thand » de-
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TABLE I. Comparison between estimated and real total quality V. CONCLUSION
factor Q+ of the structure shown in Fig. 1& with L=1.75. The C i . f int-def . dal
number of stripe layers varies from 13{@+6) to 25(12+1 oupling properties of a point-detect cavity and a line-

+12). EstimatedQ+ is calculated from Eq(7). Qg and Qs are def_ect waveguide in_3D photoni(? CrysFaI were ar.]alyzed t_heo-
shown in Figs. 1(b) and 3, respectively. Re@- is calculated in an retically. A symmetric structure in which the point _and line

actual structure with a finite number of stripe layers. d‘?feCtS were in the same rod was found to result In no cou-
pling between the defect modes due to a mismatch in parity

Number of stripe | Estimat Real Diff. e (% of_ the defect modes around _the plan_e of symmetry. A cou-
umber of stripe layers Estimatégr RealQy Difference(%) pling state can be formed by introducing asymmetry into the

13(6+1+6) 743.1 742.4 0.094 structure. For the four asymmetric structures considered, the
17(8+1+8) 2551 2551 - coupling strengths of the point- and line-defect modes were
21(10+ 1+ 10) 4085 4086 0.024 estimated as a function of the position of the waveguide by
25(12+ 1+12) 4606 4607 0.022 measuring the quality facto® of the point defectQ was

found to oscillate with small changes in the position of the
waveguide, withQ changing as much as 1.1x10* times
crease. Note that in the above discussion, it was assumed tH4ith @ change in position as small as 0.187% is a very
Qug depends solely on the position of the waveguide and thaf!teresting physical phenomenon. We believe that this fea-
Quss is dependent solely on the size of the photonic crystafuré Will be applicable to various applications, such@s
[to be exactQ; (i=*x,+y,*2) is dependent only on the s_W|t(_:h|ng, through the mtrodu_ctlon of matenal_ with a refrac-
corresponding size of the photonic crydtal t|ye index that can be dynamlcall_y controlleq into thg photo-
In reality, Quq and Qpuss also depend on the size of the nic crystal. FurthermoreQ an_d light extrgct|on.e.ff|c:|e.ncy
crystal and the waveguide position, respectively, although oN/€re estimated for a photonic crystal with a finite size, to
the whole these dependences seem insignificant. We verifgfPProximate experimental conditions. The findings have re-
the above assumptions for a typical structure with a finite‘_’ealed very usef_ul design rules for contr(_)lllng the transfer_ of
number of stripe layers and a large in-plane si2g.of the light from the point defect to thg waveguide. These coupllng_
structure shown in Fig. 18) with L equal to 1.78 was structures are thought to ha\_/e importance as components in
directly calculated as a function of the number of stripe lay-3D Photonic crystal optical circuits.
ers. We call thiQt “real Q1" and the aboveQ+, which is
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