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High-quality-factor and small-mode-volume hexapole modes
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Using finite-difference time-domain calculations, we investigate the hexapole mode of
photonic-crystal-slab modified triangular single-defect cavity structures as a good candidate for a
high-quality factor Q) and small-mode volume\{) resonant mode. Structural parameters are
optimized to obtain very larg® of even higher than 2 10° with small effectiveV of the order of

cubic wavelength in material, the record value of theoreti@@!. It is found, by the Fourier-space
investigation of resonant modes, that such a lggfrom the hexapole mode is achieved due both

to the cancellation mechanism related to hexagonally symmetric whispering-gallery-mode
distribution and to the mode delocalization mechanism.2@3 American Institute of Physics.

[DOI: 10.1063/1.1629140

Microcavity resonant modes with a high quality factor wave pattern along the cavity boundary and null electromag-
(Q) and small mode volumeW) can potentially be used for netic energy at the center. This mode pattern is reminiscent
miniaturized photonic devices, such as low-thresholdof the WGM in a microdisk cavity. However, the hexapole
lasers'~° channel drop filter§;” and nonlinear elemenfsin mode is a nondegenerate single mode, unlike the microdisk
addition, high® and smallv modes have attracted growing WGM.
interest in quantum optical devices of controlled single-  Resonant frequencie®, andV are calculated using the
photon sources and entangled emitter-cavity syStéfPho-  finite-difference time-domaitFDTD) method with the per-
tonic crystal slabfPCS defect cavities that can create high- fectly matched layer boundary condition. In the calculation,
Q resonant modes with wavelength-sized smaliare ex-  we vary the radius of regular holes)(and modified nearest-
pected to be excellent cavity structures for such purposesieighbor holesi(,,) to optimize theQ and theV. Thickness
Several groups have reported the design of IQQRCS cavi-  of the air-bridge slab is fixed to 0& wherea is lattice
ties for Q> 10* together with effective/ of the order of the  constant, and the refractive index of a slab material is as-
cubic wavelength in materig(\/n)3].12-16 sumed to be 3.4. The verticq) is evaluated from total en-

Recently, one of the authors has introduced a Igh- ergy decay and extraction efficiency. The position that sepa-
resonant mode in a square lattice single-defect ca¥tylt  rates the vertical radiation from the in-plane loss is chosen to
has been argued that properties of this mode are similar tge 0.5a from the slab surface. We consider sufficiently large
those of the lowest-order whispering gallery mdiéGM),  calculation domains so that the tot@l can be larger than
and the WGM-like field distribution results in a high vertical half of the verticalQ in order to minimize evaluation uncer-

Q approaching 10 In some applications, however, this tainty of the verticalQ. The effectiveV for the cavity quan-
mode would not be attractive since bandgap size of theum electrodynamic§CQED) is defined as the ratio of total
square lattice is much smaller compared to that of the trianelectric field energy to the maximum of the electric field
gular lattice. In this letter, we study the hexapole modegnergy density?

formed in a triangular lattice modified single-defect cavity as  |n Fig. 2, verticalQ and effectiveV are plotted as a
a good candidate for a hig-and smallV resonant mode. function of resonant frequencies for some values,pfvhen
This mode has properties of the WGM, with an azimuthaly s 0.35a. Dotted lines indicate band-edge frequency posi-
mode number of 3. Considering that out-of-plane radiationjons. The largest vertic® ~5x 10° is obtained whem,, is
angle decreases as the mode number increases in VWGM®, 26a. We confirm that the totaD approaches the vertic&l
we expect the hexapole mode will show higl@rthan the  \yhen the structure size is(15a)2. This is much larger than
square lattice WGM. vertical Q reported in previous work¥8|n this case, small

Electric field intensity distribution of the hexapole mode gffectiveVV< 0.9 (\/n)3 is also obtained because the resonant
is shown in Fig. 1a). Here, central defect geometry is modi- mode is well confined inside the bandgap. Still, large vertical
fied so that donor-type modes can be pulled down from thQQ> 10* are observed in a wide range of, values deviated
air band edgé! As shown in Fig. 1b), six nearest-neighbor  rom 0.26a. The achievement of such high from the hexa-
holes around the defect cavity are reduced in size and pUSh%Ie mode is attributed to hexagonally symmetric WGM-like
away from the center. The hexapole mode exhibits a standinge|q gistribution. Since the phases of adjacent lobes are op-
posite to each other, destructive interference is expected in
3Electronic mail: hyryu@will.brl.ntt.co.jp the vertically radiating field. This is basically related to the

0003-6951/2003/83(21)/4294/3/$20.00 4294 © 2003 American Institute of Physics
Downloaded 27 Feb 2007 to 134.79.136.89. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



Appl. Phys. Lett., Vol. 83, No. 21, 24 November 2003 Ryu, Notomi, and Lee 4295

(b)

—_—
1Y)
-

-
-]

o
<
1000000 §
[ 114 o
£ £
@ 100000 32
ot [<]
c 412 S
- [}
8 10000 '8
'g {10 E
> 1000 2
—~ los 8
' 100 . L : i
0.26 0.28 0.30 0.32
._. . _ Resonant frequency [Mﬂc]
=1 K
1.0 0.1 0.01 E-3 E-4 r
FIG. 1. (Color) (a) Electric field intensity distribution of the hexapole mode ( )
in a triangular lattice modified single-defect cavityp) Modified single- 1487
defect cavity. Six nearest-neighbor holes are pushed away from the center. 1000000 §
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1000000 p— - T - - ‘-5'55 FIG. 3. VerticalQ and effectiveV as a function of resonant frequencies.
: 0.28a -= Solid and open circles represent vertiahnd effectiveV, respectively(a)
= r is 0.275a. Dotted line indicates the air band-edge positigm.r is 0.4a.
_ 100000 14 S Dotted line indicates the dielectric band edge position.
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o 10000 y so-called cancellation mechani¥hfor high Q in PCS cavity
5 : : 2 modes.
£ 1000} 03250 {10 @ In order to understand higQ- mechanisms better, field
s : % distribution is analyzed in the Fourier space. The square of
ua% the Fourier transform of electric field is drawn in Figgbp

0275 0300 0325 0350 0378 and Zc) whenr ,=0.26a andr,=0.3a, respectively. Here,
Resonant frequency [sa/2c] a solid circle indicates the light cone. In this Fourier-space
representation, radiation loss is characterized kbgpace
field components inside the light cof&!® In the hexapole
mode, dominank components exist near six M points. In-
tensity inside the light cone is very low whep, is 0.26a,
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FIG. 2. (Colon (a) Vertical Q and effectiveV as a function of resonant
frequencies for some values gf, whenr is 0.35a. Solid and open circles
represent verticaQ and effectiveV, respectively. Dotted lines indicate
band-edge frequency positiond) Fourierk-space electric field intensity
whenr ,, is 0.26a. A solid circle represents the light cone boundary. Here, FIG. 4. (Color) Fourier-space electric field intensity) r is 0.275a andr ,,
the verticalQ is 480 000(c) Fourierk-space electric field intensity whep, is 0.26a. The verticalQ is 2 300 000.(b) r is 0.4a andr, is 0.26a. The

is 0.3a. The verticalQ is 11 000. vertical Q is 570 000.
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which results in a high verticaD~5x 10°. The weak inten- Now, we would like to mention the potential importance
sity near the light cone center can be viewed as the contrief very high verticalQ resonant modes in PCS structures.
bution of the cancellation mechanism, and the weak intensitfrhey can be used for in-plane routing of emission with high
region will be broader as the cancellation mechanism worksutcoupling efficiency since out-of-plane optical loss is neg-
better as in Fig. ). ligibly small. For example, let us consider photon extraction
In Fig. 3, verticalQ and effectiveV are plotted whem is  from the cavity mode with a vertica of 10° via a PC
0.275a and 0.4a. Here, resonant frequencies for maximum waveguide with a couplin® of 10%. In this case, one can
vertical Q are positioned near the air band edge and thechieve very high collection efficiency99% in principle,
dielectric band edge, respectively. It is interesting to note thatvhile preserving a higi (~10%) system. In fact, most PCS
the largest verticaQ are again achieved wham, is 0.26a  cavities have utilized vertical emission for lagetsand
for both cases. This implies that the cancellation mechanisrfilters.” The maximum collection efficiency of these vertical
works very well for the mode distribution wham, is near  emitting devices is 50% at best since downward photons are
0.26a, regardless ofr values. Actually, main features of not collected normally. In this sense, the high vertiQal-
mode profiles are determined by thgbecause the fields are hexapole mode is quite promising for a low-loss photonic
mostly distributed around the nearest-neighbor holes. In Figntegrated circuit element and high collection-efficiency
3(a), the largest vertica@ is even higher than 2 10°; that  single-photon sources for quantum cryptography.
is, more than one order of magnitude larger than previous In conclusion, we have numerically demonstrated very
results on high? photonic crystal cavity modé$®In this  high-Q and smallV resonance from the hexapole mode of
case,V is somewhat increased te1.4 (\/n)3. Therefore, a the triangular lattice modified single-defect cavity. High
mode delocalization mechanisiit’is believed to contribute >2x10° and small mode volume-(\/n)® are obtainable
to such a high vertica. We again confirm that the tot&) by optimization of structural parameters based on the FDTD
approaches the vertic& in a large calculation domain. In calculation. Hence, the very high value of a theoretical Pur-
this case, very large structure sizg45a)? is needed to get cell factor >10° is obtained from the hexapole mode. The
the totalQ>2x10° due to the strong delocalization effect. mechanisms for higlQ are exploited using Fourier space
Whenr is 0.4a andr , is 0.26a, however, the vertica@ is  analyses, and it is found that both the cancellation and the
<6X10° and effectiveV is still less than §/n)3. Thus, the delocalization mechanism contribute to the achievement of
delocalization mechanism is not so much responsible for theuch highQ. We expect the hexapole mode is well suited to
high Q in this case, although the resonant mode exists justealize high-outcoupling-efficiency planar photonic circuits
above the dielectric band edge. and single-photon sources.
Fourier-space mode patterns corresponding to above re-
sults are shown in Fig. 4. Whenis 0.275a andr ,, is 0.26a,
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