
December 1, 2001 / Vol. 26, No. 23 / OPTICS LETTERS 1903
Direct measurement of the quality factor in a two-dimensional
photonic-crystal microcavity
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A new microcavity design is proposed and structures are realized with a two-dimensional photonic-crystal slab.
The cavity consists of seven defect holes that encompass a hexagon and is designed to reduce vertical light
leakage. From a direct transmission measurement, a Q value of 816 6 30 is achieved at l � 1.55 mm. This
high-Q cavity will permit the realistic realization of spontaneous-emission modification and on–off optical
switches. © 2001 Optical Society of America

OCIS codes: 140.3580, 190.4400, 230.3990.
The realization of a high-Q microcavity at optical
wavelength l has many important technological con-
sequences. According to the Purcell effect,1 the rate
of spontaneous emission can be greatly altered inside
a high-Q cavity.2– 4 A high-Q cavity also operates as
a bandpass f ilter for on–off optical switching.5 A
photonic crystal, a periodically arranged dielectric
sub-l structure, offers a unique optical environment
for creating such a cavity. Its ability to conf ine light
strongly will lead to the creation of high-Q cavities at
optical l and with a small size ��l3�. Moreover, its
sub-l property permits great geometrical f lexibility
in designing microcavities. By using different types
and combinations of local defects, one can vary both a
cavity’s resonant frequency and its mode symmetry.4

Whereas a three-dimensional (3D) photonic crystal
is ideal for creating high-Q cavities,6,7 one- and two-
dimensional (1D and 2D) photonic crystals have the
advantage of simplicity of fabrication.8 – 12 Recently
Foresi et al. obtained a microcavity with Q � 265
by using a four-period �N � 4� one-dimensional
photonic-crystal.13 For 2D photonic-crystal cavities
there are several reports of analyses of Q factors,
mostly estimated from top-emitting photolumines-
cence data.11,12,14 Labilloy et al., however, used guided
luminescence to probe a horizontal cavity and obtain
a Q value of 200 for N � 9.10 A top-scattering
geometry was also suggested for add–drop-filter
applications.15 Although top emission is a result of
leakage of light in the vertical direction, which limits
cavity Q, direct transmission measurements of 2D
crystal cavities at optical l have not been reported,
mainly because of the difficulty of precise lateral
waveguide coupling. In this Letter we report direct
measurement of Q factors of 2D photonic-crystal
microcavities at l � 1.55 mm. When a new cavity
design is used that minimizes vertical leakage, cavity
Q is shown to increase exponentially with N , and
Q � 814 is achieved for N � 4.

Our photonic crystal consists of a 2D triangular ar-
ray of holes etched through a GaAs slab. The 2D
hole array has a lattice constant a � 440 nm. The
0146-9592/01/231903-03$15.00/0
hole diameter is d � 0.6a � 264 nm and the etched
depth is �0.6 mm. The GaAs slab is 220 nm thick
�t � 0.5a� and is sandwiched between a 2-mm-thick
AlxOy layer and a 0.1-mm SiO2 layer. Previous mea-
surements have shown that the photonic crystal has a
large TE-like photonic bandgap, i.e., 0.255 , v�a�l� ,

0.325.16 Within the gap, light is guided inside and
near the proximity of the GaAs slab through index
guiding.16 – 18 The field thus decays exponentially in
the air and the substrate, and vertical radiation losses
are possible only when translation symmetry is bro-
ken, e.g., by a defect cavity.

Our microcavity consists of seven smaller holes, with
hole diameters d0 � 0.4a � 176 nm, that encompass
a hexagon and is called a super defect. A scanning-
electron microscope image of the 2D hole array and mi-
crocavity is shown in Fig. 1. One may also introduce a
cavity by changing the radius of a single hole; however,
our calculation predicts that its Q factor will be low.
In this case, radiation Q, �Qr�, which describes the
rate of decay of the cavity mode into the air, is always
less than 500 and usually less than 250.19 The super-
defect design, however, is expected to have a much

Fig. 1. Scanning-electron microscope top-view image of
a microcavity sample. The microcavity consists of seven
smaller holes, with hole diameters d0 � 0.4a � 176 nm,
that encompass a hexagon. The input and output wave-
guides are used to facilitate coupling of laser light. The
four periods �N � 4� of a photonic crystal act as a photonic
tunnel barrier for confinement of light.
© 2001 Optical Society of America
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higher Qr , �Qr . 1000 2000�, and its resonant fre-
quency is near the middle of the TE gap (midgap).
One drawback of this design is that the cavity size
is slightly increased to �0.1 mm3 [or a volume of
1.5 3 �l�n�3], with the cavity mode slightly delocalized
and doubly degenerate. Here n is the refractive index
of GaAs.

Another loss mechanism is decay of the cavity mode
into adjacent waveguides and is described by Qw . As
shown in Fig. 1, the cavity is separated from the in-
put and output waveguides by four periods, N � 4, of
photonic crystal. The photonic crystal acts as a pho-
ton tunnel barrier for coupling light from the input
guide to the cavity and then decays back to the out-
put guide. The decay rate, and therefore Qw , has an
exponential dependence on the thickness of the tunnel
barrier, i.e., Na0.20 The total Qt is given by 1��Qt� �
1��Qw� 1 1��Qr�. As one can, in principle, increase Qw
by increasing N , Qr sets the upper limit for Qt. To re-
alize a high-Q cavity, one must have a cavity design
that maximizes Qr. It is equally important to demon-
strate that Qw depends on N exponentially.21 For this
experiment, three nominally identical cavities with dif-
ferent values of N, N � 2, 3, 4, are fabricated upon the
same chip.

A high-resolution tunable diode laser with 0.02-nm
scanning steps produces the transmission spectrum.
The laser beam is linearly polarized and focused into
an input waveguide by a high-numerical-aperture mi-
croscope objective. The output light is split and fed
into an InGaAs photodetector for intensity measure-
ment and into an infrared camera for mode profile mon-
itoring. This procedure ensures that only the guiding
mode signal is fed into the detector.

Figure 2(a) shows a TE transmission spectrum
(filled circles) taken from an N � 2 supercavity
sample. The data have a vertical offset of 0.1 for
clarity. The spectrum shows a transmission peak at
l � 1547 nm; equivalently, v�a�l� � 0.2846, which
is at the TE midgap. It also contains multiple-wave-
length oscillations, with a periodicity of Dl � 0.55 nm.
This value of Dl corresponds to a resonant cavity of
length L � 0.6 mm, which is the distance between
the waveguide’s end facet and waveguide–crystal
interface. The oscillations are thus attributed to
Fabry–Perot resonance of the end facets and are not
derived from microcavity resonance.

The same measurement is repeated for an N � 4
cavity sample and the transmission spectrum (filled
circles) shown in Fig. 3(a). The data have a vertical
offset of 0.08 for clarity. The spectrum shows a
better-defined transmission peak as well as short-
period oscillations. The oscillations have the same
period �Dl � 0.55 nm� as that for the N � 2 sample
and are due to Fabry–Perot resonance of the end
facets. Yet the main transmission peak exhibits
several distinct features: First, its position shifts
slightly to l � 1551 nm, v�a�l� � 0.2836, but is still
near the TE midgap. Second, its linewidth becomes
much narrower; its line shape, more symmetrical and
Lorentzian-like. Third, background transmission
away from the peak, i.e., l , 1545 and l . 1555 nm,
is near zero. The linewidth narrowing, the improve-
ment in line shape as N is increased, and the fact that
the peak position is within the TE gap all suggest that
the observed transmission peak originates from cavity
resonance.

Further transmission measurements, with TM-
polarized light, were carried out for the same samples.
As there is no TM gap in this wavelength range
�l � 1510 1590 nm�, no transmission peak is ob-
served. Nonetheless, the Fabry–Perot oscillations
persist for TM polarization. This measurement fur-
ther conf irms that the observed peak is due to the
presence of a TE photonic bandgap.

To obtain a more-accurate Q value, we first perform
a Fourier transform for the raw data and remove the
part of Fourier component that is due to Fabry–Perot

Fig. 2. Transmission spectrum for an N � 2 microcavity
sample. (a) The spectrum, shifted vertically by 0.1 for
clarity, shows a transmission peak at l � 1547 nm,
or, equivalently v�a�l� � 0.2846. It also contains
multiple-wavelength oscillations, with a periodicity of
Dl � 0.55 nm. (b) Smoothed data (f illed circles) fitted to
a Lorentzian (red curve); the deduced FWHM is 4.4 nm.
ar. un., arbitrary units.

Fig. 3. Transmission spectrum for an N � 4 microcav-
ity sample. (a) The spectrum, shifted vertically by 0.08,
shows a well-defined transmission peak and also short-
period oscillations Dl � 0.55 nm. (b) The fitted curve (red
curve) has a FWHM of 1.9 nm, and the corresponding cav-
ity Q value is 816 6 30. Inset, the infrared image of trans-
mitted light has a well-defined Gaussian-like profile.
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Fig. 4. Summary of resonant frequency (f illed squares)
and cavity Q factors (f illed circles) as a function of N . The
observed resonant frequency �v� is at the TE midgap and
varies less than 1% for all samples. The cavity Q factors
are f itted to an exponential function (dashed line), and the
deduced slope is k � 0.9 �mm�21.

oscillations. We then apply an inverse Fourier trans-
form to obtain the data, which are plotted as circles
in Figs. 2(b) and 3(b). The data are then fitted to a
Lorentzian function, and the red curves in Figs. 2(b)
and 3(b) represent the fit. The experimental Q fac-
tor is given by Qt � l�DlFWHM, where l is the peak
wavelength and DlFWHM is the FWHM. For N � 2,
the experimental v and Q values are v � 0.2846 and
Qt � 351 6 20, respectively. For N � 4, v � 0.2837
and Qt � 816 6 30, which are three times higher than
that for the 1D crystal microcavity of N � 4.13 This
result is expected, as light in a 1D cavity leaks both
vertically and laterally. The measured v also agrees
with theoretical value v � 0.2933 within 4%. For our
N � 4 cavity, a large spontaneous-emission enhance-
ment rate, h � Q��DV�l3� � 514, can be achieved.
Additionally, for a cavity Q of 816, an index modulation
�dn�n� as small as 1.3 3 1023 is sufficient for tuning
cavity v for on–off optical switching applications.5

In Fig. 4 we plot the cavity Q factor (filled circles) on
a logarithmic scale and cavity v (f illed squares) as a
function of number of periods �N � 2, 3, 4�. Whereas
the observed v varies by less than 1%, the Q value
increases sharply as N is increased from 2 to 4. The
observed Q factors are then fitted to an exponential
function, Qt � Q0

� exp�kNa�, where k is a fitting pa-
rameter. The fit is good, and the deduced k is 0.90 6
0.05 �mm�21. Here, k is a measure of the light-trap-
ping strength of the two photonic tunnel barriers that
bound the cavity mode. A similar exponential depen-
dence has been reported in the microwave range for an
ideal 2D photonic crystal.9 This exponential depen-
dence suggests that the observed increase in Q is due to
an increase in ref lectivity of the photonic crystal mir-
ror. It further suggests that Qr is signif icantly larger
than Qt, and a higher Q value is achievable by an in-
crease of N . The small variation in cavity v may be
due to the uncertainty in the sizes of the defect holes.
To minimize such a variation, one must refine process
control through better nanometer-scale fabrication.

In summary, a new microcavity design has been
proposed and structures realized with a 2D photonic-
crystal slab. The cavity Q-factor was measured to be
816 6 30 for an N � 4 cavity. Such a high-Q cavity
will permit realistic realization of spontaneous-emis-
sion modif ication and optical on–off switches.
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