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Emission properties of a defect cavity in a two-
dimensional photonic bandgap crystal slab
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A single isolated defect within a two-dimensional photonic crystal semiconductor slab is shown to provide a
lithographically tunable doubly degenerate emission resonance within the photonic bandgap, with a measured
quality factor (@) of 80—150, depending on the cavity geometry. Spontaneous emission outside the cavity line-
width is below the measurement limit of our system. Stimulated emission from this photonic crystal defect
cavity is demonstrated at room temperature under pulsed optical pumping in spite of the large surface-to-
volume ratio of this cavity and the associated large nonradiative surface recombination rate. © 2000 Optical

Society of America [S0740-3224(00)01704-5]
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1. INTRODUCTION

Spontaneous emission from an excited quantum state can
be significantly increased or inhibited! in a resonant cav-
ity, depending on the relationship between the fundamen-
tal frequency of the cavity resonance and the transition
frequency. Photonic bandgap (PBG) structures in light-
emitting materials have been predicted to be able to ex-
hibit enhanced or inhibited spontaneous emission.® Lo-
calized electromagnetic modes can be achieved by
introduction of defects within the photonic crystal lattice.
These cavities have attracted considerable interest, par-
ticularly in the microwave regime, since their first obser-
vation by McCall et al.* and by Yablonovitch et al.’
These photonic crystal defect cavities can potentially pro-
vide a means of fabricating compact nanocavity light
sources, which are necessary components for the con-
struction of high-density integrated optical circuits.®
Defects within a two-dimensional PBG crystal have
been demonstrated’ in the millimeter range to be able to
achieve a cavity @ value of the order of 10*. Recently,
Labilloy et al.® observed two-dimensional light confine-
ment in a semiconductor disk structure. The spontane-
ous emission properties of large hexagonal microcavity
structures that use two-dimensional PBG crystals for con-
finement have also been previously studied.>!® Our re-
cent demonstration of room-temperature lasing in such
structures under optical pumping was reported in Ref. 11.
Defect modes in two-dimensional PBG crystals have been
studied both numerically (see, for example, Refs. 12 and
13) and experimentally in the microwave regime?; how-
ever, experimental studies of two-dimensional photonic
crystal defects in the optical regime have been hampered
by the nanometer-scale fabrication required for generat-
ing these structures. At the same time, they are of sig-
nificant interest because of the extremely small modal
volumes possible.'*1? The recent demonstration of las-
ing in semiconductor photonic crystal defect microcavities
at low temperatures was reported in Ref. 16. In this pa-
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per we present an experimental study of the light emis-
sion properties of isolated defect microcavities that are
embedded in a finite two-dimensional PBG crystal.

2. DESIGN AND FABRICATION

An oblique-view scanning electron micrograph of a typical
structure is shown in Fig. 1. The microcavities consist of
an isolated single defect in a two-dimensional photonic
crystal lattice of air holes patterned in a hexagonal array
in a freestanding thin semiconductor membrane. The
membrane consists of six unstrained InGaAs quantum
wells with InGaAsP barriers grown by organometallic
vapor-phase epitaxy on an InP substrate with a total
waveguide thickness of 150 nm. The two-dimensional
photonic lattice is patterned into the semiconductor slab
by electron-beam lithography and dry etching. The pat-
terned waveguide layer is then separated from the InP
substrate to leave a freestanding membrane by use of a
selective wet etch. Figure 2 is an oblique view of a cross
section through a typical patterned membrane structure
showing the suspended structure.

The photonic crystal defect cavity confines the light
with a modal volume of ~2.5(\/2n )3, which is calculated
from a finite-difference time-domain (FDTD) numerical
model.l” A typical in-plane band-structure plot for this
photonic lattice patterned into a thin slab, calculated by a
three-dimensional FDTD technique, is shown on the left
in Fig. 3. The trapezoidal solid curve in the plot is the
light line, and only the slab-confined modes below the
light line are shown. Figure 3 was calculated for a struc-
ture with the ratio of the hole radius to the lattice param-
eter, r/a = 0.35, and the ratio of the waveguide thickness
to the lattice parameter, d/a = 0.25. This results in an
in-plane bandgap, in normalized frequency units, be-
tween 0.348 and 0.465. Numerical simulations of the de-
fect resonance have shown!” that the defect frequency
will lie near the midgap, in this case with a normalized
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Fig. 1. Oblique-angle scanning electron micrograph image of a
typical two-dimensional photonic crystal defect cavity fabricated
in an InGaAsP semiconductor slab.
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Fig. 2.  Cross section through the patterned membrane struc-
ture. The InGaAsP slab in the measured devices is approxi-
mately 150 nm thick, and the air gap underneath the membrane
can be seen.
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Fig. 3. Left: Calculated band structure for the two-
dimensional photonic crystal for the design parameters (nd)/\
~ 0.33 and r/a ~ 0.35. The bandgap lies in the frequency
range 0.348-0.465, with the midgap at ~0.4065. Right: Frac-
tion of the first Brillouin zone, which lies below the light line.

frequency of 0.4065. The total photon confinement pos-
sible in this structure depends strongly on the width of
the bandgap as well as on the vertical confinement pro-
vided by the slab waveguide. At larger normalized fre-
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quencies a smaller portion of the Brillouin zone remains
confined in the vertical direction (below the light line).
This effect will be discussed in more detail in Section 3.

3. MEASUREMENT OF DEFECT EMISSION

The membrane microcavity was optically pumped by
10-ns pulses at a repetition rate of 100—500 kHz from a
semiconductor laser (A = 980 nm) focused to a spot size
of approximately 5 um. Photoluminescence from the
quantum wells at A = 1.55 um was collected in the direc-
tion normal to the membrane (see inset of Fig. 6 below).
The photoluminescence was passed through a monochro-
mator and was then detected. Figure 4 shows a compari-
son of the photoluminescence from a semiconductor mem-
brane patterned with the photonic crystal lattice and
from an identical photonic crystal membrane containing
a single defect. In both cases the PBG crystal was fabri-
cated with a lattice spacing of a =~ 591nm and r/a
~ 0.348. The upper plot in Fig. 4 shows that there is es-
sentially no detectable power emitted by the photonic
crystal membrane above the noise floor under these mea-
surement conditions. Given the sensitivity in this mea-
surement, this corresponds to a collected emission power
of less than approximately 0.25 fW/nm. Compared with
the collected emission power from a simple unpatterned
membrane, this represents a reduction in the detected
spontaneous emission power by more than an order of
magnitude. This decrease in emission power can be ex-
plained by three possible effects.

First, since the PBG crystal is a relatively high surface-
to-volume ratio structure, significant nonradiative recom-
bination due to free surfaces would be expected and could
dominate the total carrier recombination rate. The de-
fect within the photonic crystal has a slightly lower
surface-to-volume ratio, thereby reducing the contribu-
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Fig. 4. Comparison of the photoluminescence spectra from a
photonic crystal slab and from a slab with a single defect cavity
with a lattice spacing ofa ~ 591 nm. The top figure shows that
the emission spectrum from the crystal slab has been inhibited
below our measurement sensitivity limit. The lower figure
shows the cavity resonance.
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tion of nonradiative surface recombination. This is a se-
rious concern in the design of an active device, since a
nonradiative dominated recombination rate would lead to
low device efficiency. This topic will be discussed further
in Section 4.

The second possible effect could be a change in the spa-
tial distribution of radiation. It is important to recognize
that this is a measurement not of total emission power
but rather of the power emitted into the collection optics.
Therefore perceived changes in the measured power could
be the result of a change in the collection efficiency and
not necessarily a change in the emitted power.

The third possible effect contributing to the reduced
emission power could be a fundamental modification of
the spontaneous emission rate, because the active-
material emission linewidth lies completely within the
two-dimensional PBG. Strong modification of the spon-
taneous emission rate within the bandgap in this PBG
slab structure has recently been shown numerically.!8
When a single defect is introduced into the photonic lat-
tice a strong emission peak is seen, as shown in the lower
plot in Fig. 4. When the defect is pumped at 250 uW the
total integrated power detected is enhanced by a factor of
more than 100X over that for the photonic crystal alone
(with no defect cavity). Given the difference in surface-
to-volume ratio between the photonic crystal structure
and the defect microcavity, such a large change in the to-
tal integrated emission power is not expected, assuming a
constant surface recombination velocity. This result sug-
gests that a fundamental modification of the spontaneous
emission rate may be occurring. However, as previously
discussed, this could also be partially attributed to a
change in collection efficiency. The defect emission
wavelength is centered around M\ = 1455nm (a/A
= 0.4061). This defect frequency lies very close to the
calculated bandgap center, a/\ = 0.4065 (see Fig. 3).

The defect emission shown in Fig. 4 has a full width at
half-maximum linewidth of approximately 20 nm. This
corresponds to a cavity quality factor (@) approximated as
N AN =~ 73, which corresponds very well to a value of @
~ 75 from numerical FDTD simulations.!” For a struc-
ture containing active material, absorption losses reduce
the measured @ as compared with a cold cavity calcula-
tion, so linewidth is not necessarily a good measure of .
A decreasing linewidth with increasing pumping is ex-
pected. However, for an active cavity below the lasing
threshold, the emission linewidth can be written as

follows™:

G
mO)’ (1)

AVmode = A1}1/2(1 - G_O

where Av,q4 is the emission mode linewidth, A vy is the
cold cavity linewidth, G,,, is a parameter proportional to
the population inversion [Ny — (g9/g:)N;], which repre-
sents the material gain (or loss), and G is a parameter
proportional to the cavity losses (w/®). Equation (1) can
be interpreted to mean that, for a cavity with absorption,
G0 < 0, the measured mode linewidth is larger than the
cold cavity linewidth. The measured emission linewidth
is a good measure of @ only when G,,, = 0 (i.e., transpar-
ency). Furthermore, since G, is proportional to cavity
losses, the change in linewidth with G,,, is less signifi-
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cant for low-@ cavities. Conversely, for large @ values,
MAN is a poorer measure of @ except when G, is close to
zero. Therefore we would expect that, since the mea-
sured @ value for this structure is small, there should not
be a large change in linewidth as a function of pumping
power. This is consistent with measured linewidths,
which did not change within the error of our measure-
ments for 10-ns pulsed pumping with average powers
from 200 to 500 uW.

Numerical simulations of the defect cavity quality
factor'” have shown that @ depends on the relative posi-
tion of the bandgap to the light line. Figure 3 (right)
shows the fraction of the first Brillouin zone confined be-
low the light line for the slab waveguide as a function of
normalized frequency, which is related to the possible ef-
fective cavity @. Measurements on defects fabricated
with r/a = 0.32 and d/a = 0.4 result in a bandgap at
slightly lower frequencies and with a calculated defect
frequency of a/N = 0.34. These devices show narrower
linewidths of AN = 7 nm and therefore a correspondingly
larger @ value of ~250, in agreement with FDTD numeri-
cal simulations. Compare this with the emission spec-
trum shown in Fig. 4, where a cavity  value of approxi-
mately N/AN = 73 was observed for a normalized defect
frequency of a/\ = 0.41, in qualitative agreement with
the confinement behavior shown in Fig. 3.

4. DEFECT TUNING AND STIMULATED
EMISSION

Photonic crystal defect cavities provide an inherent flex-
ibility for control of the cavity emission through litho-
graphic changes in the geometry. Figure 5 shows the
spontaneous emission spectra for photonic crystal defect
cavities fabricated with different lattice spacings from
a = 960nm to ¢ = 512nm. The dark-gray shaded re-
gions represent the range of +2.5% around the numeri-
cally calculated defect frequency for each structure, tak-
ing into account a small variation in r/a, which is due to
fabrication errors. The light-gray shaded region repre-
sents the estimated band edges (+=5%) from numerical
simulations. The accuracy of the numerical simulations
is limited by the uncertainty in the exact device param-
eters, which is due to fabrication errors. When the pho-
tonic crystal lattice size is tuned so that the bandgap oc-
curs at wavelengths longer than the spontaneous
emission bandwidth of the material [Fig. 5(a)], a broad
spontaneous emission spectrum similar to an unpat-
terned sample is seen. Figures 5(b)-5(d) show cases in
which the bandgap frequency is tuned to wavelengths
longer than the emission bandwidth, as in Fig. 5(a).
However, the spectrum is modified from the smooth spon-
taneous emission peak characteristic of the unpatterned
material. These spectral features are caused by the
modes of the photonic crystal bands (the conduction-band
modes), which modify the spontaneous emission. Peaks
in the spectra corresponding to the different individual
conduction bands are not clearly separated in this case
because the emission is angle integrated around the in-
plane £ = 0 point over the solid angle defined by the col-
lection optics, with a numerical aperture of 0.65.
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When the PBG and the defect mode frequency are well
aligned with the emission bandwidth [Fig. 5(e)] a narrow
emission peak can be seen at A = 1.58 um, with most of
the emission at other wavelengths being suppressed.
One can tune the defect mode frequency across the emis-
sion bandwidth while maintaining a similar cavity qual-
ity factor as well as a similar emission power. Figure 5(f)
appears to have a higher signal-to-noise ratio than that of
the other spectra, owing to a change in the noise band-
width, which is due to signal averaging for this measure-
ment. The defect mode peak in this measurement has
been tuned to a shorter wavelength at N\ = 1.46 um.
This represents a tuning of over 120 nm while a similar
emission power is maintained. When the defect mode is
further tuned to wavelengths shorter than the emission
bandwidth no significant spectral features can be ob-
served. Emission into the photonic bands below the
bandgap (the valence-band modes) is not observed be-
cause these modes lie completely below the light line and
are thus confined within the membrane plane.!*1%
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Fig. 5. Defect cavity spontaneous emission tuning. The nor-
malized spontaneous emission spectrum for defect cavities based
on photonic crystals with different lattice spacings are shown,
with the lattice spacing a given to the left of each plot. The
dark-gray bands indicate the estimated defect frequency
a/\ = 0.4065 = 1%. The light-gray bands indicate the esti-
mated band edge (with 5% error), as described in the text. In (c)
and (d), only the upper (high-frequency) band edge is visible; in
(g) and (h), only the lower (low-frequency) band edge is visible.
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Fig. 6. Defect cavity light output versus average pump power
plot. The two inset figures show the pumping and detection con-
figuration (top) and a similar L—L plot for longer pumping pulses
(bottom). The light output shows a clear change in slope effi-
ciency, indicating the onset of stimulated emission at approxi-
mately P,,, = 30 uW. Above 1 mW, the roll-off in the radiative
efficiency can be seen as the device begins to overheat.
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The light output from the defect microcavity versus
pumping power (L-L) is displayed in Fig. 6, showing a
gradual change in the slope at P,,, ~ 30 uW. A change
in the radiative efficiency, owing to the onset of stimu-
lated emission, could explain this effect. At approxi-
mately 750 uW the slope efficiency gradually decreases
until 1000 uW, where the output power actually begins to
decrease. This reduction in radiative efficiency is attrib-
uted to the increased active-layer temperature and car-
rier density. The higher temperature increases the point
defect and the surface nonradiative recombination be-
cause of the increased carrier diffusion. In addition, and
probably more importantly, the larger carrier density in-
creases the contribution of Auger recombination, which
increases as the cube of the carrier density as well as in-
creasing exponentially with temperature. Figure 6
(lower inset) shows the light output measurement taken
with 15-ns pulses, which shows a similar behavior. This
indicates that thermal heating differences are not signifi-
cant, since the pumping occurs faster than the structure
thermal response time. The change in slope can also be
due to the saturation of nonradiative centers; however,
this can be verified by comparing L—L plots for different
spectral slices. Around the cavity resonance a response
essentially identical to that shown in Fig. 6 is seen.
However, if the cavity resonance is spectrally filtered and
the light output away from the cavity response is mea-
sured, the output is linearly proportional to the pump,
and no change in slope is seen.

5. CONCLUSION

We have demonstrated narrow-linewidth emission from
an isolated defect in a two-dimensional photonic bandgap
crystal in the InP material system. This type of cavity
has a small modal volume!” of ~2.5(\/2n)%. To our
knowledge, this is one of the smallest modal volume ac-
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tive semiconductor cavities in the near-infrared ever mea-
sured. The effect of the photonic crystal defect results in
a narrow spontaneous emission peak corresponding to the
cavity response. Stimulated emission into the defect
mode is demonstrated at room temperature under pulsed
optical pumping conditions, and the mode frequency is
tuned lithographically across the material emission band-
width.
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