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We report the direct observation of lasing action from a dynami-
cally localized mode in a microdisk resonator with rough boundary.
In contrast to microlasers based on stable ray trajectories, the
performance of our device is robust with respect to the boundary
roughness and corresponding ray chaos, taking advantage of
Anderson localization in angular momentum. The resonator de-
sign, although demonstrated here in GaAs-InAs microdisk laser,
should be applicable to any lasers and sensors based on semicon-
ductor or polymer materials.

he resonator cavity is an essential part of any lasing device,

providing the necessary energy accumulation and (coherent)
feedback for the mode development. Dielectric microdisks and
microcylinders are among the most widely used resonator cav-
ities in modern microlasers and microsensors (1-3). The per-
formance of such resonators is usually related to their internal
classical ray dynamics. Here we show that quantum interference
present in any wave-optical system may dramatically affect the
microlaser behavior, and demonstrate the effect of dynamical
localization (DL) (4-8) on the formation of the lasing mode. We
report the direct observation of DL in optical system, and
demonstrate that the performance of the DL-based resonator is
robust with respect to boundary roughness, a natural limiting
factor of ray-based devices.

In a circular microdisk, classical rays form a series of whis-
pering-gallery (WG) trajectories with conserved angular mo-
mentum and, correspondingly, a conserved angle of incidence
(Fig. 1). Because the refractive escape is only possible for the
trajectories with the angle of incidence x below the critical angle
Xe = arcsin(1/n) (n being the refractive index of the dielectric),
the rays with the angle of incidence y > x. (Fig. 1) are trapped
inside the dielectric microdisk by the total internal reflection.
The quantum modes localized on these quasiperiodic trajectories
can therefore leave the resonator only via evanescent (tunneling)
escape, so they usually have extremely long lifetimes and corre-
spondingly low lasing thresholds.

Even a small roughness of the resonator boundary can destroy
its rotational symmetry and the stability of WG trajectories,
making the classical dynamics inside the cavity completely
chaotic (Fig. 1). As a ray trajectory propagates in a chaotic
microdisk, its angular momentum is changed in a quasirandom
manner, until it reaches the region x < x., when the ray may
refractively escape from the system (Fig. 1). It is natural to
assume that the modes inside such a rough cavity resemble
classical trajectories and have small lifetimes. This assumption
imposes severe limitations on the microlaser fabrication. As a
result, state-of-the-art microfabrication technology is generally
used to minimize the roughness of the microcavity boundary and
prevent the ray chaos.

However, the wave dynamics inside the rough microdisks may
substantially differ from the ray picture. The chaotic diffusion,
which leads to the divergence of the initially close rays, may be
strongly suppressed because of their destructive interference.
Therefore, a wavepacket, initially localized in the angular mo-
mentum, may remain localized as it propagates inside the rough
cavity. Because in this case the localization is related to dynamics
of the wavepacket, this effect is referred to as the dynamical
localization (4-6).
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Fig. 1. Ray dynamics inside the microdisk resonator. (a) Ray trajectories
inside the circular microdisk have WG structure. The conserved angular mo-
mentum of any given trajectory is 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 a fixed angle of incidence, x. The green dots correspond to the trajectory
in a; the bold dot in the black square denotes the starting point. The trajec-
tories with siny > 1/n, where nisthe refraction index of the cavity, are trapped
by total internal refraction (red line corresponds to the experimental value n =
3.25). (c) Introduction of roughness to the microcavity boundary destroys the
stability of all WG orbits. Total ray chaos is illustrated through the system’s
SOS, shown in d. The single trajectory now explores all available phase space
and may classically escape from the resonator when its siny is below 1/n; the
blue dots show the trajectory in ¢, which has the same initial conditions as in
the trajectory in a (bold blue dot in the black square).

The phenomenon of DL can also be seen in the stationary
solutions of the Maxwell equations. Namely, the wavefunctions
inside the rough microcavities become localized in the angular
momentum space (Fig. 2b). The real space structures of such
dynamically localized modes are somewhat close to that of WG
trajectories (Fig. 2a).

As a result, modes localized near the angular momentum
corresponding to xy > x. might have long lifetimes comparable
to those of WG modes in smooth circular cavity (Fig. 2). This,
in turn, enables the development of microdisk lasers robust with
respect to boundary roughness.

Our dielectric microlasers are made of a 200-nm-thick GaAs
layer with a thin InAs quantum well in the middle serving as the
gain medium. The microdisks are fabricated by optical lithog-
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Fig. 2. The structure of the dynamically localized mode. (a) The intensity
distribution of the dynamically localized mode is similar to regular WG tra-
jectory; however, nontrivial interference patterns reveal strong deviation
from the WG character. The angular momentum distribution of the mode (b)
serves as a clear evidence of the DL with localization length, | = 12.4. The
lifetime of the mode is directly related to its angular momentum distribution
and is determined by the absolute values of components with angular mo-
menta, corresponding to an angle of incidence x < xc (red line corresponds to
Xo)- The Q-factor of the mode shown is 4.78 x 103.

raphy and two steps of wet etch (9). The disk diameter is close
to 5 wm. As shown in Fig. 3, each disk is supported by a
500-nm-long Aly7Gag 3 pedestal. The top-view scanning electron
microscope image reveals that the disk has a rough boundary
(Fig. 3 Inset).

To study their lasing properties, the dielectric microcavities
are cooled to 10 K in a cryostat and optically pumped by a
mode-locked Ti-sapphire laser at 790 nm. The pump beam is
focused by an objective lens onto a single disk. The same lens
collects the microcavity emission and sends it to a spectrometer.

The emission spectrum features a broadband amplified
spontaneous emission and a number of distinct peaks that
correspond to the cavity modes. When the pump power
exceeds a threshold, the emission intensity from a single mode
exhibits a sudden increase accompanied by a simultaneous
decrease of the mode linewidth, indicating the onset of lasing
oscillations. At high pumping, the microdisk shown in Fig. 3
exhibits lasing in several cavity modes (Fig. 4a). A single mode
corresponding to A = 855.5 nm is selected by a narrow
band-pass filter. The onset of lasing oscillations in this mode
is clearly seen in Fig. 4b. Fig. 4c shows its near-field pattern,
imaged by a charge-coupled device camera. Note that the
intensity of the lasing mode is concentrated near the disk edge,
in contrast with the uniform distribution of amplified spon-
taneous emission across the disk, measured through the band-
pass filter tuned away from the cavity resonances. Such
intensity localization near the disk edge is the evidence of the
DL in the microlaser.
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Fig. 4. Optical measurement of the microdisk in Fig. 3. The emission spec-
trum at the incident pump power of 44 uW (a) clearly shows multimode lasing
(black dotted line). A band-pass filter of 1 nm bandwidth selects asingle lasing
mode at 855.5 nm (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 the pump reaches the threshold of 35 uW. The near-field optical
image of this lasing mode is shown in c. The agreement between the exper-
iments and numerical simulations (d) is shown through comparison of the
radial distribution of the intensity of the mode in ¢ with subtracted constant
amplified spontaneous emission background (blue dots) and the numerically
simulated mode shown in Fig. 2 (red curve). Confinement of the lasing mode
to the edge of the microdisk together with its angular momentum distribution
shown in Fig. 2 is the evidence of its DL.

To confirm that the lasing mode is in fact dynamically
localized, we use the scanning electron microscope image of the
microdisk (Fig. 3a) to digitize its shape and numerically analyze
its behavior. Our ray-tracing calculations confirm that the clas-
sical dynamics inside the cavity is completely chaotic (Fig. 1 ¢
and d).

To numerically simulate the electromagnetic field distribu-
tion, we use the S-matrix formalism originally introduced in
ref. 10, adopted to optical systems in ref. 11, and described in
detail in ref. 12. In this approach, the electromagnetic field is
represented as a series of cylindrical waves traveling to and
from the center of the microdisk. These waves are related
through the S-matrix, describing their reflection and refraction
by the microdisk boundary. The eigenstates of the S-matrix are
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Top (a) and side (b) view of the microdisk, obtained with a scanning electron microscope. The disk has a rough near-circular boundary (/nset) with an

average diameter of =5.2 um. The GaAs microdisk is on top of an Aly 7Gag 3 pedestal. A thin InAs quantum well layer in the middle of the GaAs layer serves as

active medium.
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related to the solutions of the Maxwell equations inside the
disk (11).

Using the S-matrix approach, we calculate the resonances in
our system and identify the lasing mode shown in Fig. 2. Because
a direct comparison of the simulated and measured intensity
distributions is not possible due to the finite spatial resolution of
the optical imaging setup, to avoid any fitting parameters, we
compare the actual radial intensity distributions. Fig. 4d shows
that our numerical simulations well reproduce the experimental
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data. The angular momentum and radial distribution of the
lasing mode (Figs. 2 and 4) leave no doubt about its dynamically
localized character.
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