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Abstract

We reviewed our recent studies on chaotic microcavity lasers.
Although most microcavities are designed to have regular shapes,
boundary roughness, which is introduced unintentionally during
the fabrication process, can throw the regular ray dynamics into
chaos. Fortunately, the dynamical localization makes the perform-
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Figure 1: Ray trajectories inside a circular microdisk have whispering-gallery (WG) structure (a).
The angular momentum of any given trajectory is conserved due to the symmetry of the microdisk
boundary. This fact is clearly seen in the Poincare surface of section (SOS) (b), consisting of a series
of one-dimensional lines, each corresponding to an orbit with fixed angle of incidence . The green
dots correspond to the trajectory in (a), bold dot in the black square denotes the starting point. The
trajectories with y >, = arcsin(1/n), where n is the refraction index of the cavity, are trapped by
total internal refraction (red line corresponds to experimental value n = 3.25). Introduction of
roughness to the microcavity boundary destroys the stability of all WG orbits (c). Total ray chaos
is illustrated through the system’ SOS, shown on panel (d). The single trajectory now explores all
available phase space, and may classically escape from the resonator when its sin y is below 1/n;
Blue dots show the trajectory in (c), which has the same initial conditions as in the trajectory in
(@) [bold blue dot in the black square].
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ance of microcavity lasers robust with respect to the boundary
roughness and corresponding ray chaos. In a chaotic microcavity,
the lasing modes may be pulled away from the cavity boundary to
avoid the reduction of lasing gain by surface recombination.
Moreover, the carriers injected to the central region of a cavity can
contribute to lasing. Despite counter-intuitive, a chaotic microcav-

ity laser could produces directional output
beams. Unfortunately the threshold of chaotic
microcavity lasers is usually high. \WWe demon-
strated that the lasing threshold in a fully
chaotic open microcavity can be minimized
by tailoring its shape factor.

Introduction
A. Why chaos is related to
a microcavity laser
Microcavity lasers are expected to realize an
extremely high efficiency and high speed by
the volume effect and the spontaneous emis-
sion control. Over the past two decades, there
have been rapid developments of microcavity
lasers. To see how chaos is relevant to micro-
cavity lasers, let us consider an example -
microdisk laser [1]. In a dielectric disk of cir-
cular shape [Figs. 1(a) and (b)], optical rays
form a series of whispering-gallery (WG) tra-
jectories with conserved angle of incidence x
and correspondingly, conserved angular
momentum (in the unit of 72) m = (2nnR/A)
siny (R being the disk radius n, the refractive
index of the dielectric, A, the vacuum wave-
length). Since the refractive escape is only pos-
sible for the trajectories with y below the crit-
ical angle y, = arcsin(1/n) the rays with 5 > x,
are trapped inside the dielectric microdisk by
the total internal reflection. The cavity modes
corresponding to these trajectories can there-
fore leave the resonator only via evanescent
escape, thus they usually have extremely long
lifetimes and low lasing threshold.
Unfortunately, any deviation from the
perfectly circular disk due to, e.g. boundary
roughness, would inevitably break this ide-
alized picture. It destroys the rotational
symmetry and can make the classical ray
dynamic chaotic. As a ray trajectory propa-
gates in such a disk, its angle of incidence
changes in a quasi-random manner, until it
becomes less than y. when the ray may
refractively escape from the system [Figs.
1(c) and (d)]. Hence, from the view point of
geometric optics, the boundary roughness
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could significantly reduce the lifetime of light in a microdisk,
and dramatically increase the lasing threshold. Despite the rapid
advances in nanofabrication technologies, the boundary rough-
ness for GaAs microdisks is still 10-20nm. Recent calculations
show that the boundary roughness as small as 20nm could throw
the regular ray dynamics in a microdisk into chaos [2]. The qual-
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Figure 2: Top-view scanning electron micrograph of a GaAs microdisk. The disk has rough
near-circular boundary with an average radius of approximately 2.6um.
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Figure 3: Spectrum of emission from the microdisk in Fig. 2 at the incident pump power of 44uW
(@) clearly shows multi-mode lasing (black dotted line). A bandpass filter of 1nm bandwidth
selects a single lasing mode at 855.5nm (red line). The onset of lasing oscillation in this mode (b)
is confirmed by the rapid increase of the emitted intensity as a function of the pump power (red
squares) and simultaneous decrease of the linewidth (black circles) when pump reaches the thresh-
old of 35uW. The near-field optical image of this lasing mode is shown in (c). (d) is the calculated
angular momentum distribution of this lasing mode, which serves as a clear evidence of the
dynamical localization with localization length | = 12.4. The Q-factor of the mode is 4.78 x 103.
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ity (Q) factor for a GaAs microdisk of radius = 5um drops from
1013in the absence of boundary roughness to 103 in the presence
of 20nm boundary roughness. This example illustrates that
although most microcavities are designed to have regular shapes,
chaos can be introduced unintentionally as a result of imperfec-
tion in nanofabrication, and it could have significant impact on

the performance of microcavity lasers.

B. How chaos can be utilized for
microcavity laser

One problem for semiconductor microcavity
lasers is nonradiative recombination of
injected carriers via surface electronic states.
As the cavities get smaller, the surface to vol-
ume ratio is increased. The resonant modes
have more overlap with the cavity bound-
aries, facilitating the surface recombination.
Let us again take the microdisk laser as an
example. As the radius of a circular disk
decreases, the whispering-gallery modes are
pushed towards the disk boundary. The close
proximity of the lasing mode to the cavity
boundary where the optical gain is reduced
by surface recombination leads to an increase
of the lasing threshold.

To reduce the detrimental effect of surface
recombination on a semiconductor microcav-
ity laser, we utilize a chaotic microcavity to
pull the lasing modes away from the bound-
ary. The disk shape is deformed from circle so
that the lasing modes are no longer WG
modes. If the modes stay mostly in the interi-
or of a microdisk, the reduction of lasing gain
by surface recombination is minimized. A sec-
ond advantage of pushing the lasing modes to
the interior of a microdisk is to utilize the car-
riers there for lasing gain. In a circular
microdisk, the carriers near the disk center do
not contribute to lasing in the WG modes.
Such carrier loss is more significant for the
case of electrical pumping, because carriers are
usually injected to the central region of a
microdisk. The third advantage of a chaotic
microcavity laser, which may seem counter-
intuitive, is that it could produce directional
output beams. Despite these advantages, the
quality factor of a chaotic microcavity is usu-
ally low, leading to high lasing threshold. The
question we intend to address is whether and
how we can minimize the lasing threshold in
a chaotic microcavity.

Microdisk Laser

with Rough Boundary

Figure 2 is the scanning electron micrograph
(SEM) of a circular microdisk [3]. It is made
of 200nm-thick GaAs layer with a thin InAs
quantum well (QW) in the middle serving as
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the gain medium. The disk radius is approximately 2.6um. The
microdisks are fabricated by photolithography and two steps of
wet etch. Each disk is supported by a 500nm-long AlGaAs
pedestal. The magnified SEM in the left panel of Fig. 2 reveals the
roughness at the disk boundary. Such degree of roughness is sig-
nificantly larger than what can be achieved with the state-of-the-
art nanofabrication. Nevertheless, we realized lasing in such a
rough disk with decent threshold.

The lasing experiment is performed on individual disks which
are optically pumped by a mode-locked Ti-sapphire laser at 790
nm. Figures 3(a)-(d) show the results of measurement on the
microdisk in Fig. 2. As shown in Fig. 3(a), the emission spectrum
features a broadband amplified spontaneous emission (ASE) and
several distinct peaks that correspond to the cavity modes. Fig. 3(b)
is a plot of the intensity and linewidth of one mode at A=855.5nm
as a function of the incident pump power. When the pump power
exceeds a threshold, the emission intensity exhibits a sudden
increase accompanied by a simultaneous decrease of the mode
linewidth. This threshold behavior corresponds to the onset of las-
ing oscillation in this mode. Using a narrow bandpass filter, we
took the near-field image of this lasing mode on the top surface of
the disk shown in Fig. 3(c). The lasing mode is spatially localized
near the boundary of the rough disk, similar to the WG mode in a
perfectly circular disk.

However, the classical ray dynamics in a rough disk is very
different from that in a perfectly circular disk [4]. We digitized
the SEM in Fig. 2 to obtain the exact size and shape of the
microdisk we measured, and found the ray dynamics in this disk
is completely chaotic. Figure 1(c) shows a typical ray trajectory
which spreads over the entire disk. Correspondingly in the angu-
lar momentum space, the ray undergoes a chaotic diffusion, as
shown in Fig. 1(d). However, the measured lasing mode profile
[Fig. 3(c)] does not resemble any chaotic ray trajectory. This dra-
matic difference is caused by interference effect which is neglect-
ed in ray optics. We solved the wave equation to find the reso-
nant modes in the microdisk shown in Fig. 2. We identified the
observed lasing modes with the calculated cavity modes of small
decay rates. Those modes are located close to the disk boundary.
Figure 3(d) shows the intensity distribution of one such mode in
angular momentum space. Unlike a WG mode with constant
angular momentum m, this mode contains many angular
momentum components. However it is not uniformly distrib-
uted in m, but localized in a region above the critical value m, =
(2nnR/Ag)siny,. This localization results from the interference
effect, namely, the interference of scattered light suppresses the
chaotic diffusion of optical rays in angular momentum space. It
is called dynamical localization [5-7]. When a mode is localized
in the region m>m,, the refractive escape rate is low. That is why
we can get lasing with relatively low threshold.

Microstadium Laser

We intentionally made chaotic microcavity lasers because of their
advantages mentioned in the introduction section. This section is
focused on the stadium-shaped microcavity. The classical ray
dynamics in a stadium billiard is fully chaotic [8]. However, a dense
set of unstable periodic orbits (UPOs) are embedded in the sea of
chaotic orbits. Despite of their zero measure, UPOs manifest them-
selves in the eigenstates of the system via “scars”, i.e., extra concen-
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trations of eigenstate density near UPOs [9]. In the past few years,
lasing was realized in both scar modes and chaotic modes of semi-
conductor stadiums with certain major-to-minor-axis ratio [10,11].
Highly directional output of laser emission was predicted [12] and
confirmed in polymer stadiums [13]. Unfortunately, the lasing
threshold in dielectric microstadiums is quite high. Our goal is to
find out how to minimize the lasing threshold in such an open
chaotic microcavity.

Contrary to common expectation, our numerical study revealed
that modes of a dielectric microstadium could have long lifetime
[14]. These special modes are typically scar modes corresponding to
unstable periodic orbits with incident angles above the critical
angle x.. If a scar mode consists of several UPOs, the interference of
partial waves propagating along the constituent orbits may mini-
mize light leakage at certain major-to-minor-axis ratio [14]. This
means the lasing threshold should be sensitive to the stadium
shape, i.e., the major-to-minor-axis ratio.

To confirm this numerical result, we fabricated GaAs
microstadium lasers [15]. The layer structure consists of 500nm
AlGaAs and 200nm GaAs. In the middle of the GaAs layer there
is a thin InAs QW. The lower refractive index of AlGaAs layer
leads to the formation of a slab waveguide in the top GaAs layer.
Stadium-shaped cylinders were fabricated by photolithography
and wet chemical etch. The major-to-minor-axis ratio of the sta-
diums was varied over a wide range while the stadium area
remains nearly constant. The deformation of a stadium is defined
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as € = alr, where 2a is the length of the straight segments con- their first lasing modes. As € increases, the first lasing mode
necting the two half circles of radius r. jumps back and forth within the gain spectrum of InAs QW. It is

In the lasing experiment, individual microstadiums were opti- not always located near the peak of gain spectrum (A~857nm). At
cally pumped by a mode-locked Ti-sapphire laser. Lasing was  some deformation, e.g. € = 0.94, 1.9, the first lasing mode is far
realized in most stadiums with € ranging from 0.4 to 2.2 andarea ~ from the gain maximum. This phenomenon is not caused by lack
~ 70um2. Figure 4(a) shows the emission spectra of twelve stadi- of cavity modes near the maximum of gain spectrum. A few small
ums slightly above their lasing thresholds so that we mainly see  and broad peaks in the emission spectrum between 847nm and
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Figure 4: (a) Lasing spectra from twelve GaAs microstadiums with different deformations. (b) Wavelength and lasing threshold of the first
lasing mode as a function of €.
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Figure 5: (a) Calculated intensity distribution of the first lasing mode in the GaAs microstadium of € = 1.51. The wavelength of the mode is 850.7nm.
(b) Top-view SEM of the stadium, from which the exact size and shape of the stadium is extracted for calculation. (c) Husimi phase space projection
of the mode in (a). The horizontal coordinate s represents the length along the stadium boundary from the rightmost point, normalized by the stadi-
um perimeter. The squares, dots and crosses mark the positions of three different types of UPOs shown in the inset. (d) Calculated Q-factor of the mode
in (@) as a function of €.
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857nm represent the cavity modes. These modes experience high-
er gain than the lasing mode at A = 847nm. The only reason they
do not lase is their quality factors are low. This result indicates the
lasing modes, especially the first one, must be high-Q modes.
However, when the lasing mode is away from the maximum of
gain spectrum, the relatively low optical gain at the lasing fre-
quency results in high lasing threshold. This is confirmed in Fig.
4(b), which shows the lasing threshold strongly depends on the
spectral distance between the first lasing mode and the maximum
of gain spectrum.

Figure 5(a) shows the calculated intensity distribution of the
first lasing mode at A = 850.7nm in the microstadium with € =
1.51. To find out the classical ray trajectories that this lasing
mode corresponds to, we calculated the Husimi phase-space pro-
jection of this lasing mode from its electric field at the stadium
boundary [Fig. 5(c)]. It reveals the lasing mode is a scar mode, and
it consists mainly of three different types of UPOs plotted in the
inset of Fig. 5(c). The constituent UPQOs are above the critical line
for total internal reflection, thus the lasing mode has small decay
rate. We calculated the quality factor of this mode in passive sta-
dium as the deformation ¢ is varied around 1.51. As shown in Fig.
5(d), its Q value first increases then decreases as € increases, lead-
ing to a maximum at € = 1.515. Such variation of quality factor
is attributed to interference of waves propagating along the con-
stituent UPQOs. The interference effect depends on the relative
phase of waves traveling in different orbits. The phase delay along
each orbit changes with the orbit length as € varies. At some par-
ticular deformation, constructive interference may minimize light
leakage out of the cavity, thus maximizing the quality factor.
Since the actual deformation € = 1.51 is nearly identical (within
0.3%) to the optimum deformation (¢ = 1.515), the mode is
almost at the maximum of its quality factor. Furthermore, its fre-
quency is close to the peak of gain spectrum. Thus the lasing
threshold is minimized, as shown in Fig. 4(b).

Conclusion

We reviewed our recent studies on chaotic microcavity lasers.
Although most microcavities are designed to have regular shapes,
boundary roughness, which is introduced unintentionally during
the fabrication process, can throw the regular ray dynamics into
chaos. Fortunately, the interference of scattered light can suppress
the chaotic diffusion of rays and result in dynamical localization of
the lasing modes. It makes the performance of microcavity lasers
robust with respect to the boundary roughness and corresponding
ray chaos.

Chaotic microcavity lasers have several advantages compared to
the regular microcavity lasers. We demonstrated that lasing in a
fully chaotic open microcavity can be optimized by tailoring its
shape factor. Fine tuning of the cavity shape allows us not only to
optimize light confinement inside the cavity but also extract the
maximum gain by aligning the mode frequency to the peak of gain
spectrum. The simultaneous realization of the lowest cavity loss and
the highest optical gain minimizes the lasing threshold.
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