cladistic hypotheses. Even in the 15% of cases
in which cladistics outperformed stratocladis-
tics, the closest topology was, on average, hid-
den among 227.5 topologies, compared with
1.4 for stratocladistics. Comparisons of average
and minimum CFIs (Fig. 2, B and C) favor
stratocladistics even more strongly.

To examine the relation between the vari-
ables in our study and values of CFI_ ., we
grouped the data in Fig. 2A by percent OTU-
loss and by F and B (Tables 1 and 2). Each
group of results was subjected to a sign test to
determine if CFI_, was significantly higher
for one method or the other (/8). In most cases,
mean CFI_, is higher for stratocladistics and
the sign tests are highly significant (P < 0.001)
in favor of stratocladistics. In three cases, mean
CFI,_., is higher for cladistics, but the differ-
ences from CFI . for stratocladistics are not
significant. Of the remaining six sign tests that
were not significant, only one (OTU-loss =
80%) did not have more cases with higher
stratocladistic CFI_ . than cladistic CFI__..
Thus, stratocladistics generally outperforms
cladistics to a statistically significant degree,
and this outcome is largely independent of the
evolutionary model and completeness of the
fossil record assumed.

Our results lay to rest the notion that an
incomplete fossil record yields no clues for
inferring phylogeny. The stratigraphic order of
taxa preserved in the fossil record is a complex
function of presence and absence controlled by
many physical, chemical, and biological fac-
tors. To ignore this pattern or dismiss this class
of data when it does not agree with a phyloge-
netic hypothesis makes an unwarranted “cover-
ing assumption” (5) that masks the real weight-
of-evidence and encourages less than even-
handed treatment of data. Stratocladistic hy-
potheses attempt to explain both the distribution
of characters among taxa and the distribution of
taxa through time. By doing this, stratocladistic
hypotheses explain more features of the natural
world and hence have greater explanatory pow-
er than purely cladistic hypotheses.
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Two-Dimensional Photonic
Band-Gap Defect Mode Laser

O. Painter," R. K. Lee,? A. Scherer,’* A. Yariv,? J. D. O'Brien,?
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A laser cavity formed from a single defect in a two-dimensional photonic crystal
is demonstrated. The optical microcavity consists of a half wavelength—thick
waveguide for vertical confinement and a two-dimensional photonic crystal
mirror for lateral localization. A defect in the photonic crystal is introduced to
trap photons inside a volume of 2.5 cubic half-wavelengths, approximately 0.03
cubic micrometers. The laser is fabricated in the indium gallium arsenic phos-
phide material system, and optical gain is provided by strained quantum wells
designed for a peak emission wavelength of 1.55 micrometers at room tem-
perature. Pulsed lasing action has been observed at a wavelength of 1.5 mi-
crometers from optically pumped devices with a substrate temperature of 143

kelvin.

In 1946, Edward Purcell (/) first proposed
that the spontaneous emission from an excit-
ed state of an atom can be significantly al-
tered by placing it in a low-loss cavity with
dimensions on the order of the electromag-
netic wavelength. More recently, with the
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advent of the semiconductor laser and the
improvement in crystal growth and fabrica-
tion technology, there has been increasing
interest in the engineering of optical micro-
cavities in semiconductors for spontaneous
emission control (2—4). The vertical cavity
surface emitting laser (5) (VCSEL), in which
light is confined between two epitaxially
grown distributed Bragg reflectors, was one
of the first semiconductor cavities with di-
mensions on the order of the wavelength of
light. Another microcavity laser, the micro-
disk laser (6), uses total internal reflection at
the edge of a high refractive index disk to
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form low-loss whispering gallery—type modes.
We describe initial experimental results of a
type of microcavity laser in which light is con-
fined to a single defect of a nanofabricated
two-dimensional (2D) photonic crystal (7). The
ability to fabricate compact lateral microcavi-
ties is important for the construction of high-
density multiwavelength optical circuits. The
advantage of using a photonic crystal is the
inherent flexibility in geometry which allows
fine-tuning of the defect mode radiation pattern
(8) as well as the emission wavelength. The
compact size and high spontaneous emission
coupling factor () of the defect microcavity (9)
also make it interesting as a low-noise (3),
low-threshold (/0) light source. In addition,
microcavities based upon nanofabricated pho-
tonic crystals may be useful where crystal
growth of high-index contrast mirrors are
limited, such as in long-wavelength VCSELs
or blue-green gallium nitride—based devices
un.

In the defect cavity (Fig. 1), light is con-
tained inside the microcavity by two different
mechanisms. First, a A/2 high-index slab is used
to trap photons in the vertical direction by way
of total internal reflection (TIR) at the air-slab
interface. Second, the light is localized in-plane,
using a fabricated 2D photonic crystal consist-
ing of a hexagonal array of air holes etched into
the slab. The periodic variation in the refractive
index gives rise to Bragg scattering of photons,
which opens up forbidden energy gaps in the
in-plane photon dispersion relation (7). The
photonic crystal thus provides an energy barrier
for the propagation of guided electromagnetic
waves with frequencies that lie within the band
gap. In the simplest structure, a single hole is
removed in the photonic crystal, similar to a
phase-slip in a distributed feedback laser, thus
forming a resonant cavity. The resonant mode
is highly localized to the defect region, and
photons can only escape by either tunneling
through the 2D photonic crystal or by im-
pinging on the air-slab interface at a suf-
ficiently high angle to leak out in the vertical
direction.

The defect laser cavities were fabricated in
indium gallium arsenic phosphide (InGaAsP).
The low nonradiative surface recombination
rate of this material and its relatively long emis-

Fig. 1. Cross section through the
middle of the photonic crystal mi-
crocavity. A defect is formed in
the 2D photonic crystal by remov-
ing a single hole, thus forming an
energy well for photons similar to
that for electrons in a quantum
wire structure. Photons are also
localized vertically by TIR at the
air-slab interface. The combina-
tion of Bragg reflection from the
2D photonic crystal and TIR from
the low-index cladding (air) results
in a three-dimensionally confined
optical mode.

Defect region
Active region (4 QWSs)
InP Substrate (n = 3.2)
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sion wavelength (1.5 pm) make it a good
candidate for photonic crystal microcavities
(12). Metalorganic chemical vapor deposition
(MOCVD) was used to grow the laser structure
on an indium phosphide (InP) substrate. The
active region consisted of four 9-nm 0.85%
compressively strained InGaAsP quantum
wells (QWs) separated by 20-nm quaternary
barriers with a 1.22-um band gap (13, 14). The
QW emission wavelength is designed for 1.55
m at room temperature, and because of the
compressive strain, the coupling is strongest to
photons with in-plane (transverse) electric field
polarizations (TE). This is desirable because
the defect mode is predominantly TE polarized
in the active region.

The fabrication of the defect cavity re-
quired a number of dry etching steps fol-
lowed by a wet etch to free the QW active
region from the substrate. The 2D photonic
crystal was patterned using electron-beam li-
thography on a modified Hitachi S4500-II
field-emission microscope. An argon ion-
beam etch was used to transfer the 2D pattern
from the electron-beam resist into a metal
mask layer, followed by a reactive-ion etch to
transfer the pattern into a silicon nitride mask
layer. The 2D photonic crystal was then
etched into the InGaAsP using a Cl,-assisted
ion-beam etch. This resulted in air holes that
penetrate through the active region and into
an underlying sacrificial InP layer. The sam-
ple was then dipped into a diluted HCI:H,O
(4:1) solution at 1°C, which selectively etched
away the InP layer, leaving a free-standing
membrane (Fig. 1). A scanning electron micro-
scope (SEM) micrograph shows a top view of
the fabricated microcavity (Fig. 2).

The localized defect modes of the hexag-
onal lattice have been studied in two dimen-
sions (/5), where the photonic crystal is in-
finite in the third dimension. More recently
(8, 16, 17), the properties of the defect modes
of a photonic crystal embedded in an optical-
ly thin waveguide were analyzed using 3D
finite-difference time-domain (FDTD) calcu-
lations. The important parameters in deter-
mining the properties of the optical cavity are
the refractive index n,, of the dielectric slab,
the thickness of the slab d, the interhole
spacing a, and the radius r of the air holes.

Total internal reflection (TIR)
Distributed Bragg reflection (DBR)

/2 waveguide (n = 3.4)
Etched Air Holes (n = 1)
Undercut Region (n= 1)

The defect modes formed by removing a
single hole are a pair of degenerate dipole
modes. In the laser cavity studied here, the
symmetry of the cavity was lowered by in-
creasing the radius of two nearest-neighbor
holes along the ¥ direction (Fig. 2). This
resulted in a single mode optical cavity (8), in
which only the y-dipole mode is well local-
ized. The magnitude of the electric field of
the y-dipole mode, calculated using FDTD,
was plotted (Fig. 3). The polarization of this
mode is predominantly TE inside the high-

Fig. 2. Top view of a microfabricated 2D hex-
agonal array of air holes in a thin membrane
with a central hole missing. The interhole spac-
ing (a) is 515 nm, and the radius of the holes (r)
is ~180 nm. The two enlarged holes, which are
used to split the dipole mode degeneracy, have
a radius (r') of 240 nm. The InGaAsP membrane
is 220 nm (half-wavelength) in thickness. Dot-
ted line at the bottom right indicates a length
of 600 nm.

Fig. 3. A 2D slice through the middle of the slab
shows the electric field amplitude of the y-
dipole mode. The defect mode has a large
overlap with the gain region due to the anti-
node at the center of the defect. The enlarged
air holes serve two functions: the first is to tune
the y-dipole mode frequency so as to maximize
the Q, and the second is to push the x-dipole
mode frequency out of the band gap of the
photonic crystal, resulting in a single-mode
cavity.
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index slab. The dimensions of the laser cavity
(as measured from the SEM micrograph) are
a = 515 nm, r = 180 nm, ' = 240 nm, and
d = 210 nm, where 7’ is the radius of the
enlarged holes used to split the dipole mode
degeneracy. Simulations of this cavity, with
Ry. = 3.4, give an estimate of 250 for the
quality factor (Q) and a normalized frequency
a/\; of 0.34 for the y-dipole mode. The ef-
fective modal volume can be defined (/6) in
terms of the electrical field energy density in
the cavity as follows
e hePIED P

" max(eIEDF]
The y-dipole mode has an effective modal
volume of 2.5 cubic half-wavelengths [2.5(\/
2n,)*]. For a lattice spacing of 515 nm, the
above normalized values correspond to a res-
onance peak wavelength of 1509 nm and a
modal volume of 0.03 pm?. Simulations of
the radiation pattern of the y-dipole mode
show that nearly all the power is emitted
vertically for the cavity geometry of the laser
we studied. This is due to the large number of
periods of the photonic crystal surrounding
the defect region and the rather large #/a ratio
in the actual fabricated structure (8). The
in-plane band gap (for TE-like modes) of the
photonic crystal extends over a normalized
frequency range of 0.296 to 0.408, or 1.25 to
1.72 pm, assuming a wavelength of the y-
dipole mode of 1.5 pwm.

The laser structures were optically
pumped with a semiconductor laser of 830
nm wavelength, focused to a spot size of ~3
pwm on the sample surface. A microscope
objective was used to focus the pump beam
as well as to collect the photoluminescence
from the top side of the sample. Alignment of
the pump beam to the desired defect cavity
was done by imaging the front sample surface
using a white-light source. The fabricated
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Fig. 4. Spectrum of the laser line just above
threshold. The linewidth is ~0.2 nm, limited by
the resolution of the spectrometer. The spon-
taneous emission well below threshold is
shown in the inset; a.u., arbitrary units.
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microcavities have eight periods of the pho-
tonic crystal surrounding the defect, resulting
in an undercut region of ~8 wm in diameter.
The cavity mode, by comparison, is <0.5 wm
in diameter. Pulsed lasing action was ob-
served at a substrate temperature of 143 K
with pulses of 10 ns (250 ns period). A
spectrum of the laser line above threshold is
shown (Fig. 4) where the lasing wavelength
is 1504 nm, very close to the predicted value
for the y-dipole mode. The spontaneous
emission well below threshold (Fig. 4, inset)
is a combination of emission from the defect
cavity and emission from the surrounding
unprocessed area excited by the tail of the
pump beam. The broad shorter wavelength
peak at 1460 nm (blue-shifted because of the
lower temperature of the substrate) corre-
sponds to emission from unprocessed mate-
rial surrounding the defect cavity. The nar-
row longer wavelength peak is the defect
mode resonance. The emission from the un-
dercut microcavity, which is at a higher tem-
perature than the substrate, is red-shifted and
much broader, as evident by the long wave-
length tail in the emission spectra. The line-
width of the defect laser narrows dramatically
from 7 nm (Q = 250) below threshold to 2 A
above threshold (resolution limited). An L-L
(light-out versus light-in) curve of the collect-
ed power at the lasing wavelength versus
pump power (Fig. 5) shows an external
threshold pump power of 6.75 mW.

The large threshold pump power is a re-
sult of the low Q value (250) of the defect
mode, poor thermal heat-sinking of the float-
ing membrane, and inefficient optical pump-
ing (the pump beam is more than 30 times
larger in area than the defect mode itself).
The structure in the L-L plot near threshold
may be due to the complex interplay between
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Fig. 5. L-L curve showing the power at the laser
wavelength versus the incident pump power.
The sample was cooled to 143 K and pumped
with 10-ns pulses (4% duty cycle). The actual
absorbed pump power is difficult to estimate
for a structure with this geometry.

nonradiative and radiative processes as tem-
perature and the stimulated emission rate
change. Also, although this microcavity the-
oretically has a near unity B value (9), the
L-L plot shows a distinct slope change at
threshold. This may be due, in part, to the
relatively high temperature of the undercut
membrane and high carrier density near
threshold, which results in a much larger
nonradiative Auger recombination rate and
subsequent low radiative efficiency below
threshold. The laser cavity we describe is not
optimal, however, and by tailoring the ratio
of #/a and r'/a, the Q can theoretically be
increased above 1500, which would signifi-
cantly lower pump threshold values and in-
crease the device operating temperature. In
larger 2D photonic crystal microcavities with
active regions 12 pwm in diameter and corre-
spondingly higher Q values (/8), we obtained
pulsed, room-temperature lasing. Continuous
operation at room temperature for both the
defect cavities and the larger structures will
ultimately require better heat sinking of the
membrane (/9, 20).
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