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High-quality-factor and small-mode-volume hexapole modes
in photonic-crystal-slab nanocavities
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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 (V) resonant mode. Structural parameters are
optimized to obtain very largeQ of even higher than 23106 with small effectiveV of the order of
cubic wavelength in material, the record value of theoreticalQ/V. It is found, by the Fourier-space
investigation of resonant modes, that such a highQ from 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. ©2003 American Institute of Physics.
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Microcavity resonant modes with a high quality fact
(Q) and small mode volume (V) can potentially be used fo
miniaturized photonic devices, such as low-thresh
lasers,1–5 channel drop filters,6,7 and nonlinear elements.8 In
addition, high-Q and small-V modes have attracted growin
interest in quantum optical devices of controlled sing
photon sources and entangled emitter-cavity system.9–11Pho-
tonic crystal slab~PCS! defect cavities that can create hig
Q resonant modes with wavelength-sized smallV are ex-
pected to be excellent cavity structures for such purpo
Several groups have reported the design of high-Q PCS cavi-
ties for Q.104 together with effectiveV of the order of the
cubic wavelength in material@(l/n)3#.12–16

Recently, one of the authors has introduced a highQ
resonant mode in a square lattice single-defect cavity.13,15 It
has been argued that properties of this mode are simila
those of the lowest-order whispering gallery mode~WGM!,
and the WGM-like field distribution results in a high vertic
Q approaching 105. In some applications, however, th
mode would not be attractive since bandgap size of
square lattice is much smaller compared to that of the tr
gular lattice. In this letter, we study the hexapole mo
formed in a triangular lattice modified single-defect cavity
a good candidate for a high-Q and small-V resonant mode
This mode has properties of the WGM, with an azimuth
mode number of 3. Considering that out-of-plane radiat
angle decreases as the mode number increases in WG2

we expect the hexapole mode will show higherQ than the
square lattice WGM.

Electric field intensity distribution of the hexapole mod
is shown in Fig. 1~a!. Here, central defect geometry is mod
fied so that donor-type modes can be pulled down from
air band edge.17 As shown in Fig. 1~b!, six nearest-neighbo
holes around the defect cavity are reduced in size and pu
away from the center. The hexapole mode exhibits a stan
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wave pattern along the cavity boundary and null electrom
netic energy at the center. This mode pattern is reminisc
of the WGM in a microdisk cavity. However, the hexapo
mode is a nondegenerate single mode, unlike the micro
WGM.

Resonant frequencies,Q, andV are calculated using the
finite-difference time-domain~FDTD! method with the per-
fectly matched layer boundary condition. In the calculatio
we vary the radius of regular holes (r ) and modified nearest
neighbor holes (r m) to optimize theQ and theV. Thickness
of the air-bridge slab is fixed to 0.6a, where a is lattice
constant, and the refractive index of a slab material is
sumed to be 3.4. The verticalQ is evaluated from total en
ergy decay and extraction efficiency. The position that se
rates the vertical radiation from the in-plane loss is chose
be 0.5a from the slab surface. We consider sufficiently lar
calculation domains so that the totalQ can be larger than
half of the verticalQ in order to minimize evaluation uncer
tainty of the verticalQ. The effectiveV for the cavity quan-
tum electrodynamics~CQED! is defined as the ratio of tota
electric field energy to the maximum of the electric fie
energy density.12

In Fig. 2, verticalQ and effectiveV are plotted as a
function of resonant frequencies for some values ofr m when
r is 0.35a. Dotted lines indicate band-edge frequency po
tions. The largest verticalQ;53105 is obtained whenr m is
0.26a. We confirm that the totalQ approaches the verticalQ
when the structure size is;(15a)2. This is much larger than
verticalQ reported in previous works.12–16In this case, small
effectiveV,0.9 (l/n)3 is also obtained because the reson
mode is well confined inside the bandgap. Still, large verti
Q.104 are observed in a wide range ofr m values deviated
from 0.26a. The achievement of such highQ from the hexa-
pole mode is attributed to hexagonally symmetric WGM-li
field distribution. Since the phases of adjacent lobes are
posite to each other, destructive interference is expecte
the vertically radiating field. This is basically related to th
4 © 2003 American Institute of Physics
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FIG. 1. ~Color! ~a! Electric field intensity distribution of the hexapole mod
in a triangular lattice modified single-defect cavity.~b! Modified single-
defect cavity. Six nearest-neighbor holes are pushed away from the cenr
and r m denote the radius of regular holes and modified nearest-neig
holes, respectively.

FIG. 2. ~Color! ~a! Vertical Q and effectiveV as a function of resonan
frequencies for some values ofr m whenr is 0.35a. Solid and open circles
represent verticalQ and effectiveV, respectively. Dotted lines indicate
band-edge frequency positions.~b! Fourier-k-space electric field intensity
when r m is 0.26a. A solid circle represents the light cone boundary. He
the verticalQ is 480 000.~c! Fourier-k-space electric field intensity whenr m

is 0.3a. The verticalQ is 11 000.

Downloaded 27 Feb 2007 to 134.79.136.89. Redistribution subject to AIP
so-called cancellation mechanism18 for high Q in PCS cavity
modes.

In order to understand high-Q mechanisms better, field
distribution is analyzed in the Fourier space. The square
the Fourier transform of electric field is drawn in Figs. 2~b!
and 2~c! whenr m50.26a andr m50.3a, respectively. Here,
a solid circle indicates the light cone. In this Fourier-spa
representation, radiation loss is characterized byk-space
field components inside the light cone.14,19 In the hexapole
mode, dominantk components exist near six M points. In
tensity inside the light cone is very low whenr m is 0.26a,

r.
or

,

FIG. 3. VerticalQ and effectiveV as a function of resonant frequencie
Solid and open circles represent verticalQ and effectiveV, respectively.~a!
r is 0.275a. Dotted line indicates the air band-edge position.~b! r is 0.4a.
Dotted line indicates the dielectric band edge position.

FIG. 4. ~Color! Fourier-space electric field intensity.~a! r is 0.275a andr m

is 0.26a. The verticalQ is 2 300 000.~b! r is 0.4a and r m is 0.26a. The
vertical Q is 570 000.
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which results in a high verticalQ;53105. The weak inten-
sity near the light cone center can be viewed as the co
bution of the cancellation mechanism, and the weak inten
region will be broader as the cancellation mechanism wo
better as in Fig. 2~b!.

In Fig. 3, verticalQ and effectiveV are plotted whenr is
0.275a and 0.4a. Here, resonant frequencies for maximu
vertical Q are positioned near the air band edge and
dielectric band edge, respectively. It is interesting to note
the largest verticalQ are again achieved whenr m is 0.26a
for both cases. This implies that the cancellation mechan
works very well for the mode distribution whenr m is near
0.26a, regardless ofr values. Actually, main features o
mode profiles are determined by ther m because the fields ar
mostly distributed around the nearest-neighbor holes. In
3~a!, the largest verticalQ is even higher than 23106; that
is, more than one order of magnitude larger than previ
results on high-Q photonic crystal cavity modes.12–16 In this
case,V is somewhat increased to;1.4 (l/n)3. Therefore, a
mode delocalization mechanism18,20 is believed to contribute
to such a high verticalQ. We again confirm that the totalQ
approaches the verticalQ in a large calculation domain. In
this case, very large structure size;(45a)2 is needed to ge
the totalQ.23106 due to the strong delocalization effec
Whenr is 0.4a andr m is 0.26a, however, the verticalQ is
,63105 and effectiveV is still less than (l/n)3. Thus, the
delocalization mechanism is not so much responsible for
high Q in this case, although the resonant mode exists
above the dielectric band edge.

Fourier-space mode patterns corresponding to above
sults are shown in Fig. 4. Whenr is 0.275a andr m is 0.26a,
the size of dominantk components region near six M poin
is much reduced. This is a direct consequence of the m
delocalization since the resonant frequency is near the b
edge positioned at the M point. Due to this effect,k-space
field intensity near the light cone boundary is much reduc
which partly contributes to the high verticalQ. That is, low
intensity near the light cone periphery and near the cen
region is attributed to the delocalization mechanism and
cancellation mechanism, respectively. Due to these comb
effects, intensity in all regions inside the light cone is low
than 1024 of peak intensity, and thus the extremely hig
vertical Q.23106 is achieved. Whenr is 0.4a and r m is
0.26a, however, the size of dominantk components is still
large. This is because the resonant mode exists near th
electric band edge at the K point that is far from the dom
nant k components of the hexapole mode. Therefore,
delocalization mechanism is not so effective in this case
the verticalQ is limited below 106.

Whenr is 0.275a andr m is 0.26a, the Purcell factor9 is
evaluated to be larger than 105. This is an extremely high
theoretical value for all types of resonant modes. In fac
very high Q.108 has recently been demonstrated expe
mentally from the toroidal microcavity with diameter o
;100mm.21 In this cavity mode, the Purcell factor based
experiments is estimated to be;104. However, such high
Purcell effects might not be achieved in real experiments
this high-Q and small-V mode because strong interactio
between the emitter and the cavity mode may give rise
Rabi oscillations, a strong coupling regime of the CQED16
Downloaded 27 Feb 2007 to 134.79.136.89. Redistribution subject to AIP
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Now, we would like to mention the potential importanc
of very high vertical-Q resonant modes in PCS structure
They can be used for in-plane routing of emission with hi
outcoupling efficiency since out-of-plane optical loss is ne
ligibly small. For example, let us consider photon extracti
from the cavity mode with a verticalQ of 106 via a PC
waveguide with a couplingQ of 104. In this case, one can
achieve very high collection efficiency;99% in principle,
while preserving a high-Q (;104) system. In fact, most PCS
cavities have utilized vertical emission for lasers4,5 and
filters.7 The maximum collection efficiency of these vertic
emitting devices is 50% at best since downward photons
not collected normally. In this sense, the high verticalQ
hexapole mode is quite promising for a low-loss photo
integrated circuit element and high collection-efficien
single-photon sources for quantum cryptography.

In conclusion, we have numerically demonstrated ve
high-Q and small-V resonance from the hexapole mode
the triangular lattice modified single-defect cavity. HighQ
.23106 and small mode volume;(l/n)3 are obtainable
by optimization of structural parameters based on the FD
calculation. Hence, the very high value of a theoretical P
cell factor .105 is obtained from the hexapole mode. Th
mechanisms for highQ are exploited using Fourier spac
analyses, and it is found that both the cancellation and
delocalization mechanism contribute to the achievemen
such highQ. We expect the hexapole mode is well suited
realize high-outcoupling-efficiency planar photonic circu
and single-photon sources.
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