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We demonstrate a chaotic microcavity laser whose quality is comparable to typical nonchaotic microcavity
lasers, yet it has the unique characteristic of unidirectional output. The cavity shape is a disk with the boundary
defined by a curve called limaçon of Pascal. For a lasing mode of volume less than 0.2 �m3, the measured
quality factor is 23 000. The record-high quality and small modal volume result in extremely low-lasing
threshold. The spontaneous emission coupling efficiency is approximately 6% and is the reported value for a
chaotic microcavity laser. All the lasing modes have one output beam in the same direction with a divergence
angle less than 40°. This universal directionality is determined by the chaotic ray dynamics in the open cavity.
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A semiconductor microdisk cavity achieves strong optical
confinement by total internal reflection of light at disk
boundary, which leads to the formation of whispering gallery
�WG� modes �1,2�. These cavities can have high quality fac-
tor �Q� and low mode volume and have been used in a vari-
ety of experiments ranging from solid-state cavity quantum
electrodynamics �6� to low-threshold lasing �3–5�. A limita-
tion of the standard circular disk is the isotropic output emis-
sion. Deformation of cavity shape from cylindrical symmetry
is straight forward way of obtaining directional output �7,8�;
as is waveguide coupling even though it requires precise po-
sitioning of a waveguide next to or underneath the cavity
�9–12�. However, deformed microcavities suffer Q spoiling,
which results in high lasing thresholds, and most deformed
microdisk lasers produce multiple output beams. For many
experiments and applications, such as microlasers and
single-photon sources, a single output beam is required. Cav-
ity with unique shapes, such as spiral and rounded isosceles,
have shown unidirectional emission �13–15�. The divergence
angle of output beam from the spiral cavity is over 60° and
that from the rounded isosceles about 80°. Their Qs are low;
for instance, the Q of the rounded isosceles is only 40. A
better type of deformed microcavity is the interior WG mode
cavity, where the modes are located close to the cavity cen-
ter. This cavity can have Q�6000 and unidirectional output
of divergence angle 30° –40° �16,17�. However, the normal
circumferential WG modes coexist. They have higher Q and
reduce the overall unidirectionality. Furthermore, they domi-
nate lasing in the case of uniform excitation and produce the
normal nondirectional output. Carrier injection to the cavity
center selects interior WG modes for lasing because they
have better spatial overlap with the gain region. However,
this selective pumping method is very difficult to implement
in microcavities smaller than 5 �m. Another proposed
scheme for obtaining unidirectional emission from high-Q
modes is to couple a low-Q mode with unidirectional output
to a high-Q mode �18�. Unfortunately this approach works

only for particular modes and the existence of nearly degen-
erate modes with different far-field patterns smears out the
output directionality.

A counterintuitive way of obtaining unidirectional output
is to utilize a chaotic cavity �19�. The common expectation
for modes of a chaotic dielectric cavity is low-Q factor and
nearly random emission pattern �20�. This is because an op-
tical ray undergoing chaotic diffusion in the angular momen-
tum space can quickly reach the leaky region �where the
incident angle � at cavity boundary is less than the critical
angle �c for total internal reflection� and escape from the
cavity by refraction. However, unstable periodic orbits
�UPOs� exist in the chaotic cavities and are manifested in the
cavity resonances. In particular, some cavity modes exhibit
increased field intensity near UPOs and are called scar
modes. These scar modes can have high-Q factors if the
UPOs are located outside the leaky region in the angular
momentum space �21,22�. Their emissions are often direc-
tional as the rays starting near the UPOs diffuse to the leaky
region along certain preferred routes defined by the unstable
manifolds �20,23–26�. The chaotic microcavity lasers that
have been fabricated so far have multidirectional output
�27,28�. For example, for both semiconductor and polymer
cavities with diameters of approximately 100 �m, four
beams result, each with a divergence angle of 10° –15°. De-
spite the large cavity size, the quality factor is �6000 �29�.
Recently Wiersig and Hentschel proposed a type of chaotic
microcavity that produces unidirectional emission and has
high quality �30�. The cavity boundary is defined by the
limaçon of Pascal: �=R�1+� cos ��, where � and � are the
radial coordinate and polar angle respectively. Although the
intracavity ray dynamics is predominantly chaotic, wave lo-
calization on the UPOs with ���c leads to the formation of
high-Q scar modes. The output directionality is universal for
all the high-Q scar modes because the corresponding escape
routes of rays are similar �30�.

In this Rapid Communication we report lasing in the
limaçon-shaped GaAs microdisks with embedded InAs
quantum dots �QDs� as the gain medium. The measured Q
factor is approximately 23 000 for a disk dimension is less
than 5 �m. The Q is significantly higher than all previously
reported Q values for deformed microcavities �13,17�, while
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simultaneously having smaller mode volume. The high qual-
ity factor and small modal volume result in very low-lasing
threshold, allowing continuous-wave operation. All the las-
ing modes have single output beam in the same direction,
regardless of their wavelengths and intracavity mode struc-
tures. Our numerical simulations show two types of high-Q
modes in the limaçon cavity: the previously mentioned scar
modes �30� and a new type of mode for the limaçon cavity:
whispering-gallery-like modes formed by dynamical local-
ization. Unlike scar modes, these modes do not correspond to
closed ray orbits; yet, they often have higher Qs than the
scare modes and are responsible for the observed low-lasing
thresholds.

The sample is epitaxially deposited on a GaAs substrate
by molecular-beam epitaxy. The layer structure consists of
1000 nm Al0.68Ga0.32As and 265 nm GaAs. Inside the GaAs
layer there are six uncoupled layers of InAs QDs equally
spaced by 25 nm GaAs barriers. The areal density of InAs
QDs is �1011 cm−2, and their inhomogeneous linewidth is
about 50 nm. Limaçon-shaped microdisks are fabricated with
photolithography and two steps of wet etching. The first step
is a nonselective etching with HBr followed by a HF-based
selective etching to undercut Al0.68Ga0.32As. Figure 1 shows
the top-view and tilt-view scanning electron microscope
�SEM� images of a GaAs microdisk. The disk boundary is a
good fit to the limaçon curve with �=0.45 and R
=2.18 �m.

In the lasing experiment, the sample is mounted in a liq-
uid Helium cryostat. The substrate temperature is kept at 10
K. The microdisk is optically pumped by a CW diode laser
�wavelength=775 nm� or a mode-locked Ti:Sapphire laser
�pulse width=200 fs pulses, repetition rate=76 MHz repeti-
tion rate, center wavelength=790 nm�. A long-working-
distance �LWD� objective lens with a numerical aperture of
0.4 focuses the pump beam to a single disk from the top. A

small amount of emission from the microdisk is scattered by
the disk boundary to the top and collected by the same ob-
jective lens. Another lens collects the in-plane emission from
the disk side and direct it through a linear polarizer. The
incident pump power was measured in front of the LWD
objective lens by a power meter. The size of pump spot on
the sample surface was measured by imaging it to a charge
coupled device �CCD� camera. The pump intensity was then
computed. Time-integrated emission spectra are taken by a
0.55 m spectrometer with a 1800 groove/mm grating and a
liquid-nitrogen-cooled CCD array detector. The entrance slit
is 20 �m and the spectral resolution is about 0.016 nm.
Figure 2�a� is part of a time-integrated emission spectrum
obtained with continuous-wave �CW� pumping. It consists of
several narrow peaks. Figure 2�b� shows the intensity I and
linewidth �� of one peak at �=998 nm as a function of the
incident pump intensity P. The variation in log I with log P
exhibits a S-shape with two kinks at P�102 and
300 W /cm2. The first kink corresponds to the transition
from linear increase in I with P to superlinear increase. Since
the superlinear increase is caused by light amplification, the
first kink represents the onset of optical gain, i.e., the trans-
parency threshold. Above the second kink the increase in I
with P becomes linear again due to gain saturation. The line-
width drops rapidly with increasing P, eventually approach-
ing the resolution of our spectrometer ��0.016 nm�. These
data demonstrate lasing in the limaçon cavity. We estimate
the Q factor from the linewidth at the transparency threshold.
In Fig. 2�b� ���0.046 nm at the first kink of log I−log P
curve. The linewidth did not change when the entrance slit
width of the spectrometer was reduced from 20 �m to
10 �m, indicating the spectral resolution is limited by the
CCD pixel size instead of the slit width. After deconvoluting
the spectral resolution �0.016 nm� from the measured line-
width, we obtained the actual linewidth of 0.043 nm. Thus
the quality factor of this mode is about 23 000. The sponta-
neous emission coupling efficiency 	, which represents the
percentage of spontaneously emitted photons to the lasing
mode, is estimated from the threshold curve in Fig. 2�b� �31�.
Its value is approximately 6%, comparable to typical noncha-
otic microcavity lasers �32,33�. 	 is usually larger for a mi-
crocavity of smaller size and higher quality factor. Since all
previously realized chaotic microcavity lasers have lower Q
and larger modal volume than our limaçon cavity, their 	
values shall be smaller than ours. However, 	 has been mea-
sured for a chaotic microcavity.

To measure the far-field pattern of laser emission from a
limaçon cavity, we fabricate a ring structure around each
microdisk. The in-plane laser emission from the disk edge

FIG. 1. Scanning electron microscope images of a GaAs micro-
disk on top of a Al0.68Ga0.32As pedestal. �a� Top view and �b� tilt
view. The pedestal is etched to have a top lateral dimension of 620
nm.

(b)(a)

FIG. 2. �Color online� Experimental results of
lasing in the limaçon microcavity under CW
pumping. �a� Part of a time-integrated emission
spectrum taken at the incident pump intensity P
=522 W /cm2. �b� Intensity I �blue dots� and
spectral width �red crosses� of one peak at �
=998 nm as a function of incident pump inten-
sity P. The slope is equal to 0.99 below the first
kink, 3.68 between the first and second kinks, and
1.01 above the second kink.
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propagates to the ring and is scattered out of the plane. The
scattered light pattern is imaged by the objective lens to a
CCD camera. Since the ring radius exceeds 4R2 /�, the scat-
tered light intensity along the ring reflects the far-field emis-
sion pattern of the microdisk. Figure 3�a� is an image of laser
emission from microdisk scattered by the ring. It shows the
laser output from the limaçon cavity is predominately in one
direction. As shown in Fig. 3�b�, the output beam is centered
around �=0 with a width of 40°. We compute the fraction of
far-field emission as a function of subtended angle. 68% of
total emission intensity is confined within ���
40° and about
50% of emission within ���
20°. The emission spectrum
taken simultaneously with the image �Fig. 3�c�� reveals mul-
timode lasing. Hence, the directional emission shown in Fig.
3�b� comes from all lasing modes. To obtain the far-field
emission pattern of individual lasing modes, we place an
interference filter in front of the CCD camera to select only
one mode. The passband of the filter is �10 nm wide in
wavelength. By tilting the filter, we can tune the center
wavelength of passband and image different lasing modes.
Figure 3�d� shows the far-field patterns of two lasing modes
at wavelength 909 and 923 nm. They are similar to that of
total laser emission except for a small variation in angular
distribution of output intensity. Therefore, all the lasing
modes have output beams in the same direction with similar
divergence angle.

To understand the lasing modes, we have performed nu-
merical simulations of actual microdisks that are measured
��=0.45 and R=2.18 �m�. The effective refractive index is
set at 3.13. Our polarization measurement of in-plane emis-
sion from the disk side illustrates that all the lasing modes
are transverse electric �TE� polarized �the electric field is
parallel to the disk plane�. Since the pump intensity is uni-
form across the disk, the lasing modes correspond to high-Q
TE resonances, which we calculate by solving the Maxwell’s

equations numerically. However, we cannot obtain one-to-
one correspondence between the observed lasing modes and
the calculated high-Q modes due to uncertainty in determin-
ing the values of refractive index and its dispersion. The
microdisk is separated from the substrate by a pedestal, and
can be heated by the pump light. The exact temperature of
microdisk, and thus the temperature-dependent refractive in-
dex, is not known. During pulse excitation, the refractive
index changes in time because of rapid variation in carrier
density. Without including these complications, our numeri-
cal calculations aim to illustrate the characteristic of lasing
modes that usually correspond to high-Q modes.

Our simulation indicates there are two types of high-Q
modes in the limaçon cavity: �i� the classic scar modes as
predicted by Wiersig and Hentschel �30�; and �ii� different
WG-like modes formed by dynamical localization. The spa-
tial intensity distribution of a typical scar mode is shown in
Fig. 4�a�. Its wavelength �=945 nm, Q=15 000, and modal
volume Vm=0.15 �m3. To identify the corresponding ray
orbit, we calculate the intensity and incident angle of light
along the cavity boundary �Fig. 4�c��. This mode is localized
on a UPO �drawn in Fig. 4�a�� with four bounces from the
cavity boundary �marked as green dots in Fig. 4�c��. The
angular distribution of far-field intensity, plotted in Fig. 4�e�,
exhibits single output beam in the direction �=0.

The second type of high-Q modes do not correspond to
closed orbits like the scar modes, yet they have higher qual-
ity factor than the scar modes. Thus they are more likely to
be the lasing modes because of lower lasing threshold. Fig-
ure 4�b� shows a simulation of one such mode at �
=928 nm. Its Q=94 000 and Vm=0.19 �m3. Figure 4�d�
shows that the intensity is distributed approximately uni-
formly along the cavity boundary, and the incident angle � of
light at the boundary is nearly constant. Thus, it is similar to
a WG mode even though the classic WG mode cannot exist
in such a small limaçon cavity. By integrating the mode in-
tensity in Fig. 4�d� over s, we obtain its distribution in sin �.
The integrated intensity decays exponentially away from the
maximal value at sin �0=0.84. The localization length esti-

FIG. 3. �Color online� Measured directionality of laser emission
from the limaçon microcavity pumped by Ti:Sapphire laser. The
incident pump power is 92 W /cm2. �a� An image of laser emission
from the microdisk scattered by the ring 34 �m away from the
disk. �b� Far-field angular distributions of emission intensities of all
lasing modes. �c� Time-integrated emission spectrum taken simul-
taneously with the far-field emission pattern. �d� Far-field angular
distributions of two lasing modes at �=909 nm �red line� and 923
nm �blue dashed line�.

FIG. 4. �Color online� �a�, �c�, �e� and �b�, �d�, �f� are field
pattern, Husimi projections, and far-field angular distributions of
resonant modes at 945 and 928 nm, respectively. �g� is the distribu-
tion of optical ray amplitude in the leaky region obtained by clas-
sical ray tracing with 20 000 uniformly distributed rays.
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mated from the decay length is about 0.1. Since it is smaller
than the distance ��0.52� from the mode center �sin �0

=0.84� to the critical line �sin �c=0.32�, this mode is dy-
namically localized in the angular momentum m=nkR sin �
�34,35�. Chaotic diffusion of rays toward lower � is sup-
pressed because of their destructive interference, leading to
the formation of WG-like mode. The exponentially small
modal intensity in the leaky region �where sin ��1 /n, and n
is the refractive index of microdisk� results in extraordinarily
high-Q factor. In real space the field intensity is very low in
the disk center, avoiding Q degradation by scattering of the
pedestal below the center of the disk. Although its intracavity
mode structure is quite different from that of a scar mode, the
far-field pattern is similar. As shown in Fig. 4�f�, the WG-like
mode has emission predominantly in the direction � near 0.
The color-enhanced intensity distribution in the leaky region
�Fig. 4�d�� illustrates that the escape route of light from the
cavity for the WG-like mode is similar to that of the scar
mode �Fig. 4�c��. Our ray tracing calculation reveals the es-
cape route of optical rays in Fig. 4�g�. The distribution of ray
amplitude in the leaky region resembles that of modal inten-
sity, confirming the universal output directionality results
from classical ray dynamics in the open cavity.

In conclusion, we have achieved simultaneously low-
lasing threshold and unidirectional emission using a limaçon
microcavity of dimension less than 5 �m. The measured Q
factor is about 23 000, much larger than that of all other
deformed microcavities. It is comparable to the Q factor of
most circular microdisks with similar size and also fabricated
by photolithography and wet chemical etching �36�. The high
quality and small modal volume lead to a spontaneous emis-
sion coupling efficiency of �6%, similar to that of typical
nonchaotic microcavity laser. All the lasing modes in the
limaçon cavity have output beams in the same direction. The
divergence angle is about 40°, larger than the theoretical
value due to cavity sidewall roughness. The output direction-
ality as well as the cavity Q factor can be further improved
by increasing the fabrication accuracy with e-beam lithogra-
phy, optimized resist reflow and dry etching techniques �12�.
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