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Abstract Asymmetric resonant cavities (ARCs) with
smoothly deformed boundaries are currently under inten-
sive study because they possess distinct properties that
conventional symmetric cavities cannot provide. On one
hand, it has been demonstrated that ARCs allow for highly
directional emission instead of the in-plane isotropic light
output in symmetric whispering-gallery cavities, such as
microdisks, microspheres, and microtoroids. On the other
hand, ARCs behave like open billiard system and thus
offer an excellent platform to test classical and quantum
chaos. This article reviews the recent progresses and
prospects for the experimental realization of ARCs, with
applications toward highly directional microlasing, strong-
coupling light-matter interaction, and highly sensitive
biosensing.

Keywords asymmetric resonant cavity (ARC), direc-
tional emission, quality factor, whispering gallery mode,
chaos

1 Introduction

Optical resonator (or namely optical cavity) represents a
key component or platform in nonlinear optics, light
emitting diodes, low-threshold micro-sized lasing,
enhanced light-matter interaction (cavity quantum electro-
dynamics (QED) and biosensors), and miniaturized
photonic circuit [1]. Up to the present, three representative
optical microcavities have been proposed and investigated
[2]. The first one is the conventional Fabre-Perot (FP)-type
cavities consisting of two concave dielectric or metal
mirrors facing each other at a distance of the order of a few
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100 um. FP-type optical cavities are almost utilized in all
branches of modern optics, including lasing feedback,
optical parametric oscillators, and some interferometers
[3,4]. The second type is the nanoscale optical cavities in
photonic crystal when a dot or a line defect is introduced
[5—7]. The third one is the dielectric optical microcavities
supporting whispering gallery modes [8]. They were
named after an acoustic analogue observed by Lord
Rayleigh, when he studied the acoustical waves propagat-
ing along the smooth stone surface of the St. Paul’s
Cathedral in London, UK (see in Figs. 1(a) and 1(b)). The
similar phenomena can also be observed in the Echo Wall
in the Temple of Heaven in Beijing, China (see in Figs.
1(c) and 1(d)). This type of microcavities has rotational
symmetric boundary, for instance, microspheres, micro-
disks, microcylinders, and microtoroids, as shown in Fig.
2(a). Viewed in ray optics, optical whispering gallery modes
in the circular dielectric cavities can be easily understood
with the concept of total internal reflection. As shown in
Fig. 2(b), a ray emits from the point A with an output angle
X (sinX > 1/n, where n is the refraction index of the cavity
material). Then, it will be continually totally reflected on
the cavity boundary due to the rotational symmetry. After
finite reflections, the ray returns the point A, and it obtains
a propagation phase 6. When 6 =2km (k= 1,2,3,...), the
propagating field undergoes constructive interference with
itself. This means that only whole numbers of wavelengths
of light can “fit” around the edge of the circular dielectric
cavity. This selectivity causes discrete modes to exist in the
cavity, known as whispering gallery modes.

Two crucial parameters of an optical microcavity are the
quality factor (Q) and the mode volume (V). For FP-type
cavities, high quality factors can be achieved by utilizing
the highest reflectivity and the lowest loss mirrors, as well
as the most transparent optical elements for their
construction. Nevertheless, the highest quality factor of a
FP-type microcavity is still of the order of ten millions
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Fig. 1 (a) St. Paul’s Cathedral in London;

(@

(b) Whispering Gallery in St. Paul’s Cathedral in London; (¢) Temple of Heaven in Beijing;

(d) Echo Wall in Temple of Heaven in Beijing

microsphere

microdisk microtoroid

LT
&N P%

%,

-
7

Ly
Ly
=
o
-
S
-
Z
-/

N

")
Uagagea™

(b)

(c)

Fig. 2 (a) Four typical whispering gallery microcavities: microspheres [9], microdisks [10], microcylinders [11], and microtoroids [12];
(b) geometrical optics; (c) wave optics representations of a whispering gallery mode
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limited by the modern semiconductor technologies
[13,14]. For nanocavities in photonic crystal, similarly,
the highest quality factor reaches a few millions, which is
also restricted by fabrication technologies [15,16]. As a
distinguished advantage, whispering gallery microcavities
not only have small mode volumes but also possess very
high quality factors thanks to the total internal reflection
mechanism of the modes. Silica microspheres experimen-
tally exhibit the highest quality factors of nearly 9 billion
[17], while the O factor of a polished crystalline
microcavity has been demonstrated to excess 10 billion
[18]. The ultrahigh quality factor plays the central role in
various applications of microcavities, ranging from
narrow-band filter, low-threshold lasing, highly sensitive
biomolecule detection, to cavity QED.

Up to the present, in virtue of their high quality factor,
small mode volume, and on chip characteristics, optical
whispering gallery microcavities have been made huge
successes, such as obtaining ultralow threshold lasing on a
chip [19,20], realizing strong coupling regime between one
neutral atom and a monolithic microresonator [21], and
label-free detecting single molecule [22]. However, the
emission from whispering gallery modes is isotropic due to
the rotational symmetry, which seriously limits their
important applications in lots of areas. For instance,
microdisk lasers cannot provide controlled directional
emission or adequate output power at desired direction
though their thresholds are low. Thus, external evanescent-
wave elements, such as prisms [23], side-polished fibres
[24], and tapped fibres [25] are necessary to efficiently
couple light into and out of whispering gallery modes, i.e.,
constructing the sufficient energy exchange between the
coupling elements and the whispering gallery modes. The
physical essence of the coupling with the outside is to
selectively break the fully rotational symmetry of whisper-
ing gallery modes. Besides, the abovementioned phase-
matched external couplers, the other natural choice is to
design the geometrical shape of microresonators at the very
start, leading to a significant modification of the evanescent
leakage orientation from whispering gallery modes and
appearing as a strongly directional distribution of output
fields instead of the isotropic emissions. These resonators
are known as asymmetric resonant cavities (ARCs) or
deformed cavities, and they are being developed fast over
the past few years [26,27].

ARGC:s not only offer highly directional emission desired
for lots of important application but also are used to test
classical and quantum chaos because they behave like open
billiard systems. In this article, we briefly review the recent
progresses and prospects in the area of ARC, with
applications in optics and photonics. The rest of this
review is organized as follows: In Sect. 2, we shortly
introduce the theoretical progress in studying ARCs,
including the traditional ray tracing model explanation,
the wave solution, the modified ray optical model, and the
road to design ARCs possessing both unidirectional

emission and high-Q factor. In Sect. 3, we focus our
attention on experimental progress in both two- and three-
dimensional ARCs. In Sect. 4, we provide some discussion
and prospects.

2 Theoretical basis in ARCs

To better understand the experimental results in Sect. 3, we
could briefly introduce some basic concept and theoretical
method.

2.1 Wave solution of microcavities

Due to the symmetry, the Maxwell equations could be
analytically solved to obtain the properties of modes for
regular microcavities. However, there are no strict
analytical solutions to the nonregular microcavities, and
we are forced to solve the Maxwell equations by the
approximated numerical method. The three-dimensional
simulation of the microcavity is challenging for even
modern computer. Usually, people simplify the three-
dimensional Maxwell equation to the two-dimensional
Helmholtz equation. For instance, a flat microdisk can be
approximate to a two-dimensional case by the effective
refractive index method [28] when its height is much
smaller than the diameter. For a microsphere, although it is
not flat, it can also be reduced to the two-dimensional case
because the fundamental modes are confined in the two-
dimensional equator plane.

For the two-dimensional Helmholtz equation, the
numerical solution is carried out by the popularly used
boundary element method (BEM) [29-31] in frequency
domain and the finite difference time domain (FDTD)
[32,33] method, to achieve the field pattern and the quality
factor of the resonances. These methods can be well
performed in a personal computer and can solve the
microcavity with nkr (n is the refractive index, k is the
wave vector, and 7 is the mean radius of the cavity) as large
as few hundred and the quality factor up to 10'°. The two-
dimensional approximation is proven by various experi-
ments though three-dimensional microcavities are actually
used. In general, the two-dimensional model can provide
the free-space range and the emission properties of the
modes that are well consistent with the experiments but
cannot exactly give the mode frequencies and the quality
factors.

2.2 Ray dynamics

The wave solution for the nonregular cavity is costly and
lack of essential physics. A simpler and more intuitive way
to comprehend the behavior of light in the cavity is the ray
trajectory (the geometrical size of a microcavity is typically
much larger than the wavelength of the interest, i.e., short
wavelength limit). Figure 3(a) shows the ray trajectory in
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Fig. 3 Ray dynamics, wave field distribution, and Husimi
distribution of modes in a hybrid half-quadrupole-half-circular
cavity with deformations of (a) 0.00, (b) 0.10, (c) 0.20, and (d)
0.30, respectively (The ray trajectories correspond to the quasi-
periodic, stable period-5 orbit, chaotic, and unstable period-5 orbit,
respectively. The field patterns are whispering gallery mode,
periodic orbit, chaotic mode, and scar mode, corresponding to the
ray trajectories, respectively. The Husimi distributions of these
modes are plotted in the phase space, respectively)

the circular cavity, where the ray reflects when it hits on the
boundary. Due to the rotating symmetry of boundary, the
rays should be continuously reflected with the same
incidence angle. However, for ARCs, the incidence angle
keeps varying when it is reflected on the boundary. As we
can see in Fig. 3, the ray trajectories seem no longer regular
and even chaos appears. Here, we take the hybrid half-
quadrupole-half-circular (HQHC) cavity as an example,
which has the boundary described by

&[1 + sign(cosp)]
2cos(2p)

R(p) =1+

The ray dynamics in the cavities is very similar to
Billiard that has been extensively studied in quantum chaos
[34,35]. Ray dynamics is typically studied by introducing
the Poincaré surface of section (SOS), where each point in
this phase space corresponding to the ray reflection on the
boundary by Birkhoff coordinate [ ¢, sinX]. Here, ¢ is the
angular location on the boundary, and X represents the
incidence angle, as shown in Fig. 2(b). Figures 3(a)-3(d)
are the SOS of the HQHC cavity with & = 0.0,0.1,0.2,0.3,
respectively. It is obvious that, for &€ = 0, i.e., the circular
boundary, the SOS consists of lines, corresponding to the
unchanged incidence angle with sequence reflections. For
nonzero deformation, however, the SOS is the mixed phase
space, containing both regular and chaotic motions. There
are three different types of ray motion: the Kolmogorov-
Arnold-Moser (KAM) curves, the islands, and the chaotic
sea, corresponding to quasi-periodicity, periodicity, and
chaotic motion of rays, respectively [26]. When the
deformation increases, the phase space becomes more
chaotic with the KAM curve broken and the stable islands
vanished.

It is important to compare the ray dynamics and wave
solution in the same platform, and this can be done in the
phase space. Because of the wave nature of the light, the
wave solution actually contains the uncertain relationship
of the position and the incidence angle (in other words,
they cannot be determined at the same time). To obtain the
phase space presentation of wave function, Husimi
presentation works well for it, in which the eigenstate,
i.e., mode field distribution, is projected onto a coherent
state. In the ray-wave correspondence in microcavities, the
projection should be operated with the overlap of the
cavity field and the minimum-uncertainty Gaussian beams
[36,37]. Figures 3(a), 3(b), and 3(c) present the Husimi
distributions of a whispering gallery mode, stable period-5
mode, and chaotic mode in HQHC, respectively. It can be
found that the both patterns are consisting with the
corresponding SOS patters for the given modes. In
addition, there is also another type of mode that do not
correspond to regular or chaotic ray motions, as in Fig. 3(d),
the wave solution shows that modes have localized on the
unstable period orbits, is the so-called scar modes [38].
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2.3 Mechanism of directional emission

In this section, we introduce the escape mechanism in the
ray dynamics, since our cavity is an open billiard system.
When the ray’s incidence angle is near or below the critical
angle, obviously, partial light will refractively leak out of
the cavity. For regular modes (KAM curves and islands),
the field distributions, especially the emission directions of
the interest, are easy to predict. While for the chaos
trajectories, an intuitive picture is that their field distribu-
tions have no directional selectivity. To explain the basic
concept in the ray dynamics, we here introduce the two
kinds of leaking mechanisms out of the cavity:

1) The ray directly refracts out when the incidence angle
reaches the critical angle. In this case, the reflection
coefficient can be present by the Fresnel’s law.

2) The tunneling mechanism. In the curvature surface,
the ray has a certain probability to tunnel out even when
the ray incidence angle is larger than critical angle. This
could be done by modifying to Fresnel’s law.

In an ARC, the incident angle is not conserved, so that
rays do not uniformly leak out from boundary. Anyway,
the escape probabilities by these two ways depend on the
distance between the point and the critical line in the SOS.
Thus, the emission directionality, which is our focus in this
review, is strongly dependent on the structures of SOS. Ten
years ago, Nockel and Stone [26] introduced the invariant
curve in the phase space of ray dynamics to explain the
directional emission of an ARC. In this model, the rays
diffuse along the curve, so the light trend to leak out at the
place where the sinX has the minimum values. However,
Schwefel et al. [39] point out that the adiabatic theory has
been limited to the small deformation case, and they
proposed the short time dynamics to predict the directional
emission for large deformation ARCs. At large deforma-
tion, the rays will quickly leave the invariant curve and
leak out. The ray’s motion in phase space will be the
domain by the geometry of unstable manifold (Fig. 4(a),
blue lines). In this case, the directional emission positions
are determined by the intersections between the manifold
and the critical line, instead of the intersection between the
invariant curve and the critical line.

As shown in Fig. 4(a), the unstable manifold of HQHC
with €¢=0.2 has a smaller area of intersection, which
corresponds to the high directionality, and the directional
emission could be directly seen in the near field distribution
(Fig. 4(a) inset). In addition, comparing the far field
intensity by the Fresnel’s law weighted ray dynamics and
BEM, the directionality are consisted. In another way, the
rays motion near the critical line have all been domain by
the unstable manifold near it, and a direct result is that high
0O modes will all have the similar directionality because
they obey the same motion when they leak out, leading to
the so-called university directionality emission. This has
been proven in varied cavity shape in both experiment and
numerical simulation [40,41].

sinX

¥
(a)
1.0r
0.5
oy I
Z |
_E U.U"‘.—.".;.\"r" el il ——en lL — ‘{A‘—‘-v
- 1.0
[T Ar
= M A BEM
£ I d ] II' |
0.5" ﬂl ".5 .u" 'L\
. P\ P
i Jl “ !
0.0 HM'-WI'II'WI “‘N»,.w.-]wf’ Jih ; ‘r’ffw ) Il%"'w”wﬂllll‘.ﬂmq
0 90 180 270 360
far field polar angle/(°)
(b)

Fig. 4 (a) SOS and unstable manifold of HQHC with deforma-
tion of 0.20 (inset: near field pattern of fundamental whispering
gallery mode); (b) far field intensity by ray dynamics and wave
solution

As we can see in Fig. 5, the quality factor of whispering
gallery mode in HQHC decreases with deformation
increasing. Due to the whispering gallery, modes in
HQHC are localized upon the critical lines as stable or
unstable period orbit (Figs. 3(b) and 3(d)), and the modes
quality factor are very high even phase space are
predominantly chaotic. We could expect that, in a circular
like ARC with KAM curve broken near the critical line in
phase space, there are always whispering gallery-like
modes with the directionality determined by the unstable
manifold, which would lead to the high O and directional
emission.

3 Experimental progress in ARCs

After the first demonstration of directional emission in a
deformed disk laser [42], both two- or three-dimensional
ARCs with different shapes have been proposed and
realized since then. For two-dimensional microcavities,
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Fig. 5 Quality factor of TMs;; in HQHC evolution with
deformation

popular shapes, such as ellipse, quadrupole, stadium, or
quasistadium, have been intensively studied. While in the
case of three-dimensional ARCs, only a few physical
systems are present. In this section, we briefly review the
experimental progress in ARCs and focus on the
directionality emission and quality factors of their
modes, though other aspects are also important for ARC
research, such as novel modes and ray dynamics are
especially related to quantum and classical chaos. In the
following, we first introduce several early experiments in
ARCs and then summarize different ARCs according to
their boundary shapes.

As mentioned above, the first ARC was reported
experimentally by Levi et al. in 1993 [42]. In order to
control both the direction and intensity of light output both
in the microdisk’s plane and in the vertical direction
perpendicular to the disk plane (which is also one of the
main motivations of studying ARCs until today), they
introduced a linear grating around the circumference of the
disk or deforming the disk into an appropriately adiabatic
egg shape. In this work, they demonstrated that deformed
shape did not dramatically degrade quality factors (~150)
of the whispering gallery modes (thus did not increase the
lasing threshold) [42]. Subsequently, Mekis, Nockel,
Chen, Stone, and Chang investigated the ray chaos and
O spoiling in three-dimensional lasing droplets (formed by
a Berglund-Liu vibrating orifice generator that produces a
monodispersed stream of ethanol droplets containing
Rhodamine-B dye) [43]. The boundary shape of the
deformed droplets could be described by the equation

#(0) = 1 + &(cos*f + 1.5c0s*0),

where 6 is the polar angle, and & parameterizes the size of
the deformation. The deformed droplets exhibited the
highest lasing intensity output centered roughly at +30°
from the equator for the prolate sphere. The deformation
amplitude of such a droplet is difficult to control. To

overcome this difficulty, Moon et al. presented a method of
controlling and measuring the deformation amplitude of an
ink-doped liquid jet [44]. In their setup, an Ar gas flowed
through a glass tube (with end diameter of ~1.5 mm)
normal to the liquid jet (2 mm away). As the gas flowed,
the lateral aerodynamic force deformed the circular jet to
roughly an ellipse. Thus, the deformation of the liquid jet
could be highly controlled by the rate of the gas flow. In
their experiment, when the deformation ranged from 2.5%
to 8.5%, the highly directional lasing was observed under
the pump pulse from an Nd:YAG laser. In addition, the
effective quality factor decreased with the deformation
increasing, i.e., quality factor spoiling effects. For
example, the quality factors were 4x10% 1.5x10° and
7x10% when the deformations are 2.5%, 6.5%, and 8.5%,
respectively. These three works could be the thought the
early experimental investigations of ARCs. Since then,
more and more people paid their attention on both
theoretical and experimental studies of ARCs, especially
after two facts: 1) Nockel and Stone proposed the solutions
of wave equation for ARCs and revealed interesting
frequency-dependent effects characteristic of quantum
chaos in 1997 [26]. 2) The advance of modern micro/
nano fabrication technology.

3.1 Quadrupole-shaped ARCs

The typical (maybe the most popular) ARC is the
quadrupole shapes with the boundary equation
r(0) < 1+ gcos(26). The quadrupole shape may be a
disk or a crossing section of a cylinder, partly due to the
development of modern fabrication technologies. The
directional lasing emission (visible) of a quadrupole-type
ARC was first observed in a liquid dye column by Nockel
et al. in 1996 [45] and partly explained using ray dynamics
in phase space in case of the low-index material cavity.
Two years later, in high-index semiconductor material
cavity, Gmachl et al. [46] realized high-power directional
quantum-cascade lasing emission (mid-infrared, wave-
length of 5.2 um) from the so-called “flattened” quadruple
type ARC (with the boundary r(6) o [1 + 2&cos (26)]'/?),
as shown in Fig. 6(a). In this experiment, a power increase
in the favorable far-field directions could be obtained up to
three orders of magnitude over the conventional circularly
symmetric lasers. In the case of small deformation (for
example, & = 4%), they argued that refractive escape of
chaotic whispering gallery orbits (known as invariant
curve) still played the central role even for the high-index
semiconductor material, similar to the low-index material
cavity [45], as shown in Fig. 6(b) (the Husimi distribution
is similar to Fig. 6(d)). However, at larger deformations
(for example, &€ = 15%), they observed a very different
type of laser resonance, i.e., bow-tie modes, which also
offered highly directional and high-power emission (Fig.
6(c)). In ray model, these bow-tie modes correspond to the
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stable resonance islands in the Hamiltonian quantum
dynamics. Similar results were obtained in quadrupole-
shaped GaAs-AlGaAs quantum cascade microlasers,
which were emitted at long-wavelength (A = 10 um) [47].

As just mentioned, the bow-tie modes do not exist in
low-index ARCs (such as silica disks or cylindrical dye
jets). For these low-index cavities with high deformation,
neither stable resonance islands nor stable periodic orbits
exist upon the refraction line in the ray-optics model. Thus,
directional emission would come from the chaotic
whispering gallery modes, which have no real mode
structures in the lasing spectrum. Nevertheless, a dense set
of unstable periodic orbits still exist in the chaotic sea
though they cannot be found in the classical dynamics.
There exist extra and unexpected concentrations, i.e., scars
of eigenstate density near unstable periodic orbits. In 2002,
Lee et al. [49] experimentally observed the scarred modes
in asymmetrically deformed microcylinder lasers (liquid
jet). This observation is very important since they not only
give rise to directional emission but also possess mode-like
structures in the emission spectrum. Furthermore, the
observed scarred modes have very high quality factors of
3x10°, two orders of magnitude higher than that expected
from the refractive escape of the chaotic whispering gallery
modes. The scarred modes are also observed in asymme-
trically optically pumped GaN (refraction index n=2.65)
microlasers [50] at the lasing wavelength of 375 nm and
electrical pumped GaAs/GagsiIng 4P (n=3.4) lasers at
the lasing wavelength of 950 nm [48]. In the picture of

Husimi phase space projection, the scarred modes can be
clearly present [48]. As shown in Figs. 6(d)—6(f), for small
deformation (< 0.05), the modes are constrained to
unbroken KAM curves. As the system is driven to chaos
(the deformation is increasing), the KAM curves break,
and the mode energy is localized at a stable periodic orbit.
With the deformation increasing furthermore, the origi-
nally islands disappear and orbits become unstable. The
mode is still localized near the orbit, the phenomenon
known as wave-function scarring [48]. These scarred states
are also present at higher deformations, i.e., larger than
0.12.

The quadrupole-shaped ARCs can also be made of
organic materials, besides the aforementioned inorganic
materials. In 2004, Polson and Vardeny have fabricated a
quadrupole-shaped asymmetric microlaser resonator from
a T-conjugated polymer film, which has a low refractive
index of 1.8 and emits near 630 nm. The observed quality
factor is about 600, which may be resulted from the
roughness of the cavity boundary [51]. The relatively high
quality factors ( > 3x 10*) are also obtained in dye (DCM)-
doped polymer (PMMA) ARCs (refractive index n ~ 1.49),
which are fabricated on top of a spin-on-glass buffer layer
coated over a silicon substrate [39].

3.2 Stadium-shaped ARCs

In the past few years, the stadium or quasistadium shape
has been extensively studied as a popular model of

(c)

Fig. 6 (a) Side and top view of flattened quadrupolar-shaped cylinder with € = 16% [46]; (b) false-color representation of radiation
intensity pattern of chaotic whispering gallery mode for flattened quadrupolar-shaped cylinder with € = 6% [46]; (c) false-color
representation of radiation intensity pattern of bow-tie mode with € = 15% [46]; (d) Husimi phase space projections of wave equation
solutions for quadrupolar deformed lasers with deformation of 0.03 [48]; (¢) Husimi phase space projections of wave equation solutions
for quadrupolar deformed lasers with deformation of 0.06 [48]; (f) Husimi phase space projections of wave equation solutions for

quadrupolar deformed lasers with deformation of 0.12 [48]
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classical and quantum chaos [52—55]. Microcavities with
stadium-shaped boundaries (consisting of two half-circles
connected by two straight lines) stand for a special kind of
ARCs, which are fully chaotic in ray optics picture (no
stable ray trajectories, as shown in Fig. 7) though their
shapes are very similar to the quadrupole (partially chaotic
microcavities). Thus, there is no simply relation between
ray trajectories and optical modes. Accordingly, in the
presence of the active medium that represents the most
important application of microcavity [56—59], it is difficult
to predict what type of modes will lase and whether they
can be expected to lase stably in fully chaotic cavities.
From the viewpoint of fundamental physics, the two-
dimensional stadium shape for lasing may be the important
application in the research field of nonlinear dynamics.
Recently, it has been pointed out theoretically that in the
stadium resonant cavity, laser action can occur on a single
spatially chaotic wave function [60]. The stable single-
mode lasing state corresponds to a particular metastable
resonance of a cavity that wins a competition among
multiple modes with positive net linear gain and has a
distinct lasing threshold. Shortly, under the help of single-
quantum-well GaAs/AlGaAs structure, a quasistadium
laser diode has been demonstrated. On one hand, with
the increase of the injection current, the intensity of the
output light from this microstadium shows a threshold
phenomenon. On the other hand, a sharp narrowing of the
optical spectrum above the threshold is also observed [61].
By using a nonlinear dynamical model, it has also been
theoretically and experimentally reported that the interac-
tion (between two modes belonging to different symmetry
classes) can result in the typical nonlinear phenomenon of
the locking of two modes, which breaks the symmetry of
the lasing pattern in a symmetric stadium resonant cavity
[62]. In both quasistadium experiments, high directional
emission can be observed, but quality factors are typically
low (smaller than one hundreds). Higher quality factors
(more than 3000) at near infrared have been obtained in
GaAs stadiums, where typically scar modes locate near
unstable periodic orbits [63]. When such a mode consists
of several unstable period orbits, the interference of partial
waves propagating along the constituent orbits may
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minimize light leakage at certain major-to-minor-axis
ratio [64], and this fact has been demonstrated experimen-
tally [63].

Emission directionality is vital because it can be
applicable for beam switching and splitting. For this,
Choi et al. [65] has fabricated the AlGaAs/GaAs three-
quantum-well quasistadium laser diodes with two elec-
trodes and succeeded in controlling directional laser
emission by applying different currents to each electrode.
The scanning electron microscope image of the device is
shown in Fig. 8(a). Figure 8(b) shows the output power
versus injection current characteristics that are carried out
with continuous wave operation at room temperature. They
have found that the ratio of laser emission with two
different directions is proportional to the ratio of currents
injected into two electrodes. As depicted in Fig. 8(c), the
quasistadium laser supports four emission directions A, B,
C, and D. To describe the light intensity distribution, they
introduce intensity ratios a5 and ypc, defined as 1,/Ig, I/
Ic, respectively. Here I, I, Ic, and Ip denote the light
intensities of four directional beams corresponding to A, B,
C, and D, respectively. Figure 8(d) shows the change of
¥ap and ypc as the radio of injection current is increased,
while the total current maintains unchanged.

Stadium-shaped microlasers can also be fabricated with
organic materials. In general, inorganic semiconductors
present the advantages of electrical injection, controlled
bur difficult multistep technology; while organic materials
behave low-cost and simplicity of the fabrication. In
addition, most polymers have a lower refractive index than
classical semiconductors, which may lead to different
physical behaviors. Lebental et al. [66,67] have reported a
stadium-shaped polymer (PMMA) microlaser in which
DCM dye is the active guest. The quality factor is
demonstrated to be greater than 6000, and the laser
emission is highly directional (with the full wave at half
maximum (FWHM) of only 15 degree in the far-field
pattern). However, in this work, they have not theoretically
explained the high-Q modes of polymer microstadium. In
2007, with polymer microstadiums (rhodamine 640
perchlorate dye doped cresol novolac resin), Fang and
Cao also observed the lasing action. Their numerical

1.0

0.5

0.0

sinX

Fig. 7 (a) Ray dynamics of stadium-shaped microcavity; (b) surface of section of stadium-shaped microcavity
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Fig. 8 (a) Scanning electron microscope image of GaAs three-quantum-well quasistadium laser diode with two electrodes; (b) output
power versus injection current characteristics for GaAs three-quantum-well quasistadium laser diode; (c) schematic diagram of far-field
measurement; (d) curve of injection current ratios to ratios of light intensity distributions (These figures are from Ref. [65])

simulations reveal that the lasing modes are so-called scar
modes consisting of multiple unstable period orbits even in
the low-index polymer microstadium [68]. Very recently,
stadium-shaped microcavity is also used to study divergent
Petermann factor of interacting resonances [69].

3.3 Spiral-shaped ARCs

One of the most promising applications of ARCs is the
low-threshold microlaser and single-photon source with
highly directional emission. However, the above-mentioned
ARCs will generate at least two output beams (i.e., multi-
direction), which limit their applications, for example, the
collection of the output light. Thus, an ARC possessing
highly unidirectional emission characteristic is essential.
To achieve such a unidirectional emission, Chern et al. [70]
has proposed a novel design of ARCs, i.e., the spiral-
shaped microcavities, as shown in Fig. 9(a). The boundary
of the crossing section of the micropillar is defined by the
equation

() =ro(1+2-9).

where ¢ is the deformation parameter, and r represents the
radius of the spiral at polar angle ¢ = 0. The crossing
section creates a “notch” when it jumps back to the
position at ¢ = 2m. The multiple quantum-well spiral
microcavities are optically excited (pulsed) at normal
incidence to the top face of the micropillar. At the low
pump power, the output light behaves the characteristic of
spontaneous emission. With the pump intensity increasing,
it produces an obvious lasing action. The pump threshold
of 500 kW/cm? has been observed, as shown in Fig. 9(b).
With the help of an intensified charge couple device
(ICCD), a highly unidirectional emission can be demon-
strated (Fig. 9(c)). The distribution of a quasinormal mode
is also shown in Fig. 9(d).

After the first optically pumped experiment of spiral-
shaped ARCs, the current-injection spiral-shaped micro-
cavity disk laser diodes have also been demonstrated [71].
Similarly, the spiral can be fabricated with polymer
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[72,73]. Scarred resonances, which are promising phe-
nomena in quadruple and stadium, quasi-scarred modes
have been also investigated in spiral-shaped microcavities
[74-76]. Kwon furthermore demonstrate a spiral-shaped
dielectric microcavity support not only quasi-scarred
resonance modes but also high-Q whispering gallery-like
modes [77]. The directionality of whispering gallery-like
mode lasing is discussed in Ref. [78]. For more
applications, the spiral-shaped microcavity lasers are
demonstrated to operate by pumping with continuous-
wave current injection [79,80]. Very recently, the modified
spiral structures have been reported, such as ring-spiral
coupled microcavities [81], waveguide-coupled spiral-
shaped microdisk resonators [82].

3.4 Limacon-shaped ARCs

It should be emphasized here that the spiral-shaped ARCs
suffer from large loss (typical quality factors are of the
order of one hundred) upon deformation though they
support highly unidirectional emission. For potential
applications, an essential requirement of ARCs is combin-
ing directional light output and ultralow loss (i.e.,
ultrahigh quality factor). In 2008, Wiersig and Hentschel
proposed a deformed microdisk with the limagon boundary
r(¢) = ro(1 + &cosg) in the polar coordinates, as shown
in Fig. 10(a) [83]. In the ray-optic picture, the ray dynamics

is predominantly chaotic, but the wave localization on the
unstable period orbits (above the refraction line) leads to
the formation of high-Q scar modes. The output direction-
ality is universal for all the high-Q scar modes because the
corresponding escape routes of rays are similar, as shown
in Fig. 10(b). High quality factors (10°-107) have been
predicted in this work.

Shortly after the theoretical proposal, several groups
have realized this kind of limacon-shaped microcavities in
experiment. In Ref. [84], Yan reported quantum cascade

(a)

Fig. 10 (a) Chaotic ray trajectory in limagon cavity with the
deformation of 0.43; (b) field distribution of TE mode in limacine,
showing highly unidirectional (All these figures are from Ref.
[83])
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lasers emitting at 10 um with a limagon-shaped semicon-
ductor microcavity. Highly directional emission (with far-
field divergence angle of 33°) and relatively high quality
factor (> 1000) have been observed. While in Ref. [85], Yi
et al. reported a limacon-shaped InGaAsP semiconductor
microcavity laser in near infrared (around 1593 nm) with
the deformation of 0.43. When the laser is continuously
pumped with current injection, the lasing far-field
divergence angle is around 40°, and the quality factor is
higher than 22000. Recently, several groups have also
observed the unidirectional emission in different material
fabricated limagon microcavity [86,87].

3.5 Three-dimensional deformed microspheres

The above-mentioned quadrupole, stadium, spiral, and
limagon cavities are known as two-dimensional ARCs and
obtain tremendous success but usually exhibit relatively
low experimental quality factors (typically smaller than
100000), as well as high pump thresholds for microlasing.
Thus, people have strong interest in three-dimensional
ARCs since they may provide better confinement of
photons in the cavities. The first three-dimensional ARC is
deformed droplet microspheres [43,88]. Droplets are very
suitable for tunable deforming but suffer from the fast
evaporation. For practical applications, solid-state systems
are especially desired. To prepare three-dimensional
deformed silica microspheres, Lacey et al. [89] fuse two
microspheres with similar sizes together by a CO, laser
beam. The final deformed microspheres have diameters of
~200 pm, and the deformation can be controlled from 1%
to 7%. The deformed silica microspheres support not only
highly directional emission but also very high quality
factors (more than 107). The authors declare that the
ultrahigh quality factor results from the evanescent escape,
not the refractive leakage. To explain the directional
emission, the authors think that the escape is dominated by
the phase space structures as in the two-dimensional
quadrupole, at small deformations [90].

The method preparing such a deformed microsphere is
effective but complicated. To fabricate high quality
deformed silica microspheres, Xiao et al. [91] successfully
developed a simple but effective method in which only one
microsphere is necessary. First, individual microspheres
with diameters ranging from 30 to 100 pm are generally
fabricated by using a CO, laser. For such an undeformed
microsphere, the quality factor ranges between 107 and
108, limited by the scattering losses on residual surface
inhomogeneities and our laboratory environment. Second,
two opposite sides of the single sphere are arbitrarily
chosen to be reheated by a short pulse (duration, 20 ms;
beam waist, 36 um) of the CO, laser (power, about 5 W) in
turn. Next, the microspheres with a small deformation of
the equator plane can be routinely produced, as shown in
Fig. 11(a). The deformed silica microspheres have been
demonstrated high quality factors of 2x107 and four

pulsed CO, laser

(a)

Fig. 11 (a) CO, laser pulses (beam waist ~30 um) reheat
microsphere from two opposite sides; (b) CO, laser pulses reheat
microsphere from one side (The solid curve schematically
describes the final shape of the equator plane, while the dotted
curve displays a standard circular boundary. These two figures are
from Refs. [91] and [92])

obvious emission directions for clockwise or counter-
clockwise modes. To reduce the emission directions, the
authors optimize their method and only single CO, laser
pulse is required, as shown in Fig. 11(b) [92]. The
boundary of the microsphere equator plane is believed to
be deformed to a combination of a half-circle and a half-
quadrupole. In this work, the microsphere is covered by Er:
Yb phosphate glass, and thus, it allows for studying active
deformed microcavity. Different from conventional ARC
experiments, the authors adopt direct free-space coupling
including the incoupling of the excitation wave and the
outcoupling of the resulting microlaser, which are essential
for ARCs. The measured threshold is as low as 50 uW. The
lasing emission presents high directionality along only two
directions centered at 45° and 135°, corresponding to
emission points B and A in the deformed side, as shown in
Fig. 12(a). From the ray optics (Poincaré surface of section,
SOS), the lasing mode is demonstrated the high-Q five-
bounce mode (Fig. 12(b)). The expanded SOS has also
been illuminated, as the inset of Fig. 12(b). It is obvious
that the two center islands have smaller sinX with a
difference of more than 0.02, which qualitatively indicates
directional emissions there.

The solid-state deformed microspheres have shown
some other interesting applications in optics and photonics
recently. For example, the directional emission can be used
to directly map whispering gallery modes in a deformed
microsphere [93]. Deformed microsphere can also be used
to study the radiation pressure driven by mechanical
oscillation [94] and resolved-sideband cryogenic cooling
of an optomechanical resonator [95]. In the presence of
single dipole, high-Q deformed microspheres are suitable
to investigate cavity QED at low temperature [96].

3.6 Other ARCs

Besides the above-mentioned, many other ARCs with
different boundaries have been proposed, for example,
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elliptical-shaped microcavities [97,98], hexagon-shaped
microcavities [99-102], peanut-shaped microcavity [103],
square-shaped microcavities [104—108], and equilateral
triangle-shaped microcavities [109,110]. To achieve uni-
directional emission, rounded isosceles triangle-shaped
microcavity have been suggested, but the quality factors of
the round isosceles are only 40 [111]. Even using the
interior whispering gallery modes, the quality factors are
about 6000 [112]. Another method toward unidirectional
emission is introducing a defect in a symmetric cavity
[113-118]. However, this approach works only for
particular modes, and the existence of nearly degenerate
modes with totally different far-field patterns smears out
the output directionality.

4 Further work on ARCs

With great progress in both theory and experiment, the
study of ARCs has been immerged in various fields, such
as microlasing, single-photon source, quantum chaos, ray-
wave correspondence, and open quantum system. To our
best knowledge, the following points deserve paying more
attentions:

1) The applications with both directional collection and
directional excitation. Beyond the traditional evanescent
near-field coupling, the collimation unidirectional emis-
sion of an ARC could be utilized for the efficient output of
microcavity laser. An intuitive thought is that the
directionality could also allow for the efficient directional
excitation, which has been proven recently that 1000-fold
enhancement of the pump efficiency in deformed micro-
cylinder compares to circular cross-section microcylinder
[119,120].

2) The corrected ray model to comprehend the properties
on the ARC. When the size of a microcavity is of the order
of several wavelengths, the light lies at the situation
between the quantum and classical cases. There are some
interesting phenomena in this regime. In the short-
wavelength limit, the ray model is valid to study and
predict the directional emission characteristics, and a lot of
experiments show the ray-wave correspondence in this
regime, for example, in case of nkr > 100. However, when
the cavity size is goes down, the ray optics model is
problematic, where the wave nature of light plays an
important role. The deviation of ray model has been
reported in several cavity shapes, and the corrected ray
optics can explain some phenomena [121-124].

3) In the dielectric microcavity, the continuing boundary
condition makes the cavity as an opening quantum system,
i.e., open billiard, which is used to study quantum chaos.
Some interesting physics in this system has attracted more
and more attentions, such as chaos assisted tunneling, the
dynamics localization, and the scar or quasi-scar mode. On
the other hand, the openness of the microcavity can be
described by the non-Hermitian Hamiltonian, whose
eigenvalues of the system are complex. Some interesting
topics include the evolution of the bi-orthogonal quasi-
eigenmode dynamics in ARCs, the anticrossing of
resonances and the Petermann factor near the exception
points [69], the mode trapping, etc.
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