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We experimentally investigate spatiotemporal lasing dynamics in semiconductor microcavities with
various geometries, featuring integrable or chaotic ray dynamics. The classical ray dynamics directly
impacts the lasing dynamics, which is primarily determined by the local directionality of long-lived ray
trajectories. The directionality of optical propagation dictates the characteristic length scales of intensity
variations, which play a pivotal role in nonlinear light-matter interactions. While wavelength-scale intensity
variations tend to stabilize lasing dynamics, modulation on much longer scales causes spatial filamentation
and irregular pulsation. Our results will pave the way to control the lasing dynamics by engineering the
cavity geometry and ray dynamical properties.
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Controlling nonlinear dynamics of complex systems is
crucial in, e.g., nonlinear optics, hydrodynamics, and laser
physics [1,2]. It remains, however, a challenge to control
semiconductor laser dynamics due to extremely fast
inherent timescales [3]. Instead of relying on external
feedback [4–8] or optical injection [9–12], we propose a
more direct and compact approach based on modifying the
intrinsic light-matter interaction inside the laser by tailoring
the cavity geometry [13–15].
Broad-area Fabry-Perot cavities, commonly used for

semiconductor lasers, often result in lasing instabilities
[16–22]. An optical lensing effect in high-intensity regions,
caused by spatial hole-burning and carrier-induced refrac-
tive index changes, leads to self-focusing of light and the
formation of filaments, which are unstable and induce
irregular pulsations. We recently showed that modifying
the resonator shape can suppress spatiotemporal instabil-
ities, e.g., in a D-shaped microcavity that features fully
chaotic ray dynamics [13] or in a stable cavity with
optimized mirror curvature that exhibits integrable ray
dynamics [14,15]. The stability of lasing dynamics depends
critically on the characteristic length scale of optical
intensity variations in the cavity. If high-intensity regions,
formed by constructive interference of propagating waves,
are too small to induce a lensing effect, filamentation and
lasing instability will be prevented. However, it is not clear
how the cavity geometry affects the characteristic size of
high-intensity regions and whether it is possible to predict
the lasing dynamics based on classical ray dynamics.
To address these questions, we experimentally study how

the classical ray dynamics is related to the spatiotemporal

dynamics of semiconductor microcavity lasers. The ray
dynamics of two-dimensional (2D) optical microcavities is
entirely determined by the cavity shape and the boundary
conditions. Hence, microlasers based on dielectric reso-
nators correspond to billiards with (partial) ray escape
according to Fresnel’s laws [23,24]. Previously, the ray-
wave correspondence was studied to reveal the relation
between long-lived trajectories and resonances with high
quality (Q) factors [24–28]. Most studies have concentrated
on static properties like emission spectra and far-field
distributions [29–34], except a few numerical [35,36]
and experimental studies [13,37–40] of the dynamic
properties of deformed microcavity lasers.
Here, we extend the paradigm of ray-wave correspon-

dence to engineering the nonlinear lasing dynamics by
utilizing classical ray dynamics. We judiciously choose
several cavity shapes not only with distinct types of ray
dynamics: chaotic vs integrable but, more importantly, with
varying structural sizes and degrees of spatial localization
of their lasing modes. We find the strength and occurrence
of irregular pulsations of the laser emission are strongly
correlated with the local structure size of the lasing modes,
which are normally the most long-lived passive cavity
resonances. This characteristic size is determined by the
local directionality of optical propagation inside the cavity,
which can be predicted by the classical ray dynamics.
Figure 1 shows five cavity geometries: D-cavity, sta-

dium, Limaçon, ellipse, and square. These five shapes
include cavities with chaotic (D-cavity, stadium, and
Limaçon) and integrable (ellipse and square) ray dynamics.
Furthermore, D-cavity, stadium, and square have spatially
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extended modes featuring small structure size due to low
local directionality of wave propagation, while Limaçon
and ellipse have spatially localized whispering-gallery
modes (WGMs) exhibiting large structure size due to
directional wave propagation.
D-cavity and stadium have fully chaotic ray dynamics

[41,42], and long-lived rays explore the bulk of the cavities
[Figs. 1(a1) and 1(a2)]. Because of ray-wave corres-
pondence [23,43–46], the high-Q modes are spatially
extended and irregularly structured [Figs. 1(b1) and 1(b2)].
The Limaçon-shaped cavity features predominantly chaotic
ray dynamics [47–49] but has long-lived trajectories

concentrated at the cavity boundary [Fig. 1(a3)], resulting
in irregular WGMs [Fig. 1(b3)]. The ellipse features
integrable ray dynamics [50] with long-lived trajectories
along the cavity boundary that are confined by total internal
reflection [Fig. 1(a4)], resulting in regularly structured
WGMs [Fig. 1(b4)]. The square also features integrable
ray dynamics, but its long-lived trajectories explore
the whole cavity [Fig. 1(a5)], and, hence, its high-Q
resonances [51–53] are spatially extended with regular,
fine features [Fig. 1(b5)].
We fabricate edge-emitting semiconductor micro-

lasers with these five resonator shapes [54]. The devices
are fabricated on a commercial laser diode wafer with a
GaAs=AlGaAs quantum well (Q-Photonics QEWLD-808)
by photolithography and inductively coupled plasma
etching, followed by deposition of a top metal contact
for electric current injection. Multiple cavities for
each of the five geometries, with identical cavity areas
(2.53 × 104 μm2), are fabricated on the same wafer.
We study their spatiotemporal lasing dynamics experi-

mentally using a streak camera (HamamatsuC5680/M5676)
to record the time-resolved near-field emission intensity
profiles. We measure 10-ns-long time windows with a
resolution of ∼30 ps. Lasing occurs in all cavities
with electrical pumping at room temperature [54].
Figure 2(a) shows exemplary streak images. The spatial
profiles of emission intensity agree with the output patterns
of high-Q resonances [40,57]. The irregular pulsations with
typical periods of subnanoseconds are caused by unstable
lasing dynamics.
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FIG. 1. Five cavity geometries with different classical ray
dynamics. (a) Typical long-lived ray trajectories in D-shaped
(a1), stadium (a2), Limaçon (a3), ellipse (a4), and square (a5)
dielectric cavities. (b) Numerically calculated mode profile with
high Q factor in a cavity with a smooth boundary. The scale bars
are 5 μm long.

4 8
0.4

0.8

1.2

1.6

12 4 8 12 4 8 12 4 8 12 4 8 12

T
im

e 
(μ

s)

Frequency (GHz)

0 3 421 0 3 421 0 3 421 0 3 421 0 3 421
Time (ns)

0

-100

100

P
o
si

ti
o
n
 (

μ
m

)

D-cavity Stadium Limaçon Ellipse Square

102

104

103

rf
 p

o
w

er
 (

ar
b

. 
u

n
it

)
0

1

N
o

rm
al

iz
ed

 i
n

te
n

si
ty

(a1) (a2) (a3) (a4) (a5)

(b1) (b2) (b3) (b4) (b5)

0.5 1 1.5

0.9

1

4.5 5 5.5
0.3

0.4

FIG. 2. Experimentally measured spatiotemporal lasing dynamics. (a1)–(a5) Streak images of lasing emission from five different cavity
geometries. The intensity is normalized by its maximum. The pump current is 500 mA for all cavities, well above their lasing thresholds.
Intensity pulsations indicate unstable lasing dynamics. (b1)–(b5) Time-resolved rf spectra Ŝðf; tdÞ of laser emission intensities obtained
from the streak images. Insets in (b1) and (b2) are the magnifications of the white boxes. The cyan dashed lines indicate the times of the
images in (a). rf peaks (bright spots) correspond to intensity pulsations.
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We analyze the laser intensity fluctuations using the
short-term radio-frequency (rf) spectra and their temporal
evolution. We calculate the temporal Fourier transform of
every 10-ns-long streak image and average its magnitude
squared in space. Then a broadband continuous signal from
the spatiotemporal beating of lasing modes and amplified
spontaneous emission is subtracted from the rf spectra,
which highlights discrete peaks from irregular pulsations
due to lasing instabilities [54]. The subtracted rf spectra in
Figs. 2(b1)–2(b5) clearly show different degrees of stability
for the five geometries.
For a more quantitative statistical analysis, we charac-

terize the rf spectra with two measures in Fig. 3(a). The
first one (left axis) is the total rf power Stot, obtained by
integrating the short-term rf spectra [Fig. 2(b)] in both
frequency and time. The second one (right axis) measures
the frequency of occurrence of rf peaks by the participa-
tion ratio of the rf spectra [54]. To account for the cavity-
to-cavity variations, we average these quantities over five
different lasers per geometry. Both the overall fluctuation
power and the occurrence of intensity pulsations vary by
several orders of magnitude for different cavity geom-
etries. The D-cavity microlasers have the weakest and
rarest pulsations, followed by the stadia. Limaçon cavities
have stronger and more frequent pulsations than D-
cavities and stadia. The ellipse lasers have the strongest
and most frequent pulsations. The square cavities, in
contrast, are much more stable than ellipses and close
to stadia.
The spatial structure of the lasing modes strongly

influences the nonlinear interaction between the optical
field and gain material, which, in turn, affects the strength
and occurrence of irregular pulsations. To reveal the
underlying mechanism, we numerically characterize the

fine structure of the lasing modes. We calculate the passive
resonances of 2D cavities with boundary roughness to
account for fabrication defects [54]. The cavity dimensions
are 10 times smaller than the actual ones to reduce
computational load. Furthermore, we employ steady-state
ab initio lasing theory with single-pole approximation to
determine which cavity resonances will lase and to calcu-
late their lasing intensities [54,58–61].

The mode profiles in Fig. 4(b) show significant
differences in their fine structure for the different geo-
metries. The D-cavities and stadia [Figs. 4(b1) and 4(b2)]
show random and isotropic intensity variations on the scale
of the in-medium wavelength. For the Limaçon [Fig. 4(b3)],
in contrast, the fine structure is anisotropic with elongated
high-intensity grains. This anisotropy is even more pro-
nounced for the ellipses [Fig. 4(b4)]. In contrast, the squares
[Fig. 4(b5)] feature a more regular structure with a feature
size similar to that of D-cavities or stadia.
To characterize the typical size of the fine structure, we

compute the spatial intensity correlation functions of high-
Q resonances in a local area [54]. The contour lines at half
maximum of the intensity correlation functions [blue
dashed lines in Fig. 4(c)] are fitted by an ellipse [red solid
lines in Fig. 4(c)]. While the length of the minor axis is
consistent for all cavity shapes, the major axis of the ellipse
varies significantly with the cavity geometry, and it is
defined as the local structure size sðr⃗Þ.
We calculate the average structure size hsi by first

averaging over all lasing modes weighted by their inten-
sities and then averaging over all spatial locations weighted
by local intensity [54]. Figure 3 shows that hsi [Fig. 3(b),
left axis] is strongly correlated with the lasing instabilities
in the experiment [Fig. 3(a)]. The irregular pulsations of
broad-area semiconductor lasers originate from carrier-
induced modulational instability. In a GaAs quantum well,
high optical intensity depletes the local gain by spatial hole
burning, which increases the refractive index locally. The
resulting optical lensing effect and self-focusing lead to the
formation of spatial filaments, which are inherently unsta-
ble and cause pulsations [17–19]. For cavities with hsi ∼ λ,
intensity variation on a wavelength scale causes a refractive
index change on the same scale, which is too small to focus
light [13], thus preventing filamentation and instability.
Conversely, a large feature size hsi ≫ λ is more likely to
create a lensing effect, which leads to stronger and more
frequent pulsations. Therefore, the structure size appears to
be a good predictor for the level of lasing stability.
The question is what determines the local structure size

of lasing modes. The granular structure of lasing modes is
formed by the interference of waves propagating in differ-
ent directions. Thus, the distribution of their directions
plays a significant role, which can be unraveled by
the spatial Fourier transform of the field profiles. Since
it is the local directionality that determines the structure
size of the intensity distributions, we determine the wave
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FIG. 3. Relation between lasing instabilities and spatial struc-
ture of lasing modes. (a) Experimentally measured total rf power
Stot of intensity pulsations (black circles, left axis) and the
frequency of their occurrence (red triangles, right axis) for
different cavity shapes. The results of five lasers per geometry
are averaged on a logarithmic scale. (b) Numerically calculated
local structure size hsi in five cavities with boundary roughness,
averaged over the cavity area (black squares, left axis). It is
determined by the local directionality of light propagation hDWi
and hDRi (red symbols, right axis), obtained from wave (þ) and
ray simulations (×).
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propagation directions in small regions by performing a
wavelet transform [62], which can be considered as a local
Fourier transform [green solid lines in Fig. 4(c)] [54].
The local directionality is defined as the inverse of the
angular spread of wavelet distributions [Fig. 4(a)]. The D-
cavities and stadia [Figs. 4(c1)–4(c2)] show wave propaga-
tion along almost all directions. The interference of these
wave components yields a small structure size. For the
Limaçon with WGMs [Fig. 4(c3)], the distribution of wave
propagation is more directional parallel to the cavity
boundary, leading to a larger structure size perpendicular
to the boundary. The ellipses [Fig. 4(c4)] exhibit a smooth
and highly directional distribution, which explains the
significantly elongated fine structure of their intensity
distributions. Lastly, the square [Fig. 4(c5)] features four
double-peaked lobes along the diagonals, which corre-
spond to the eight plane-wave components of high-Q
modes [51,52]. Despite the low number of plane-wave
components, their interference produces nearly isotropic,
wavelength-scale intensity grains, because the propagation
directions are roughly orthogonal.

To quantify how directional the wave propagation is in a
local area, we compute the local directionalityDWðr⃗Þ as the
inverse of the standard deviation of the wavelet distribution
squared [54]. Figure 4(d) shows the spatially resolved
directionality DWðr⃗Þ, averaged over the lasing modes. The
D-shaped and stadium cavities [Figs. 4(d1) and 4(d2)] have
lower DWðr⃗Þ than Limaçon resonators [Fig. 4(d3)], which
demonstrates the difference between spatially extended and
whispering-gallery modes. The local directionality of the
ellipses [Fig. 4(d4)] is even higher than for the Limaçon,
probably due to the integrable ray dynamics of the ellipse,
which limits the propagation directions of whispering-
gallery trajectories more than for the chaotic trajectories
of the Limaçon. The squares [Fig. 4(d5)] have low and
almost uniform DWðr⃗Þ over the cavity area.
These different degrees of local directionality originate

from the classical ray dynamics. We, hence, perform ray
tracing simulations for cavities with smooth boundaries and
define the local directionality DRðr⃗Þ analogously by
sampling the long-lived ray trajectories [54]. Figure 4(e)
shows an excellent agreement between the ray and wave
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simulations. We average the local directionality over the
entire cavity area weighted by the ray intensity, and the
results are summarized in Fig. 3(b) (right axis). The good
agreement of local directionality between ray hDRi and
wave simulations hDWi indicates that a cavity with suffi-
ciently small boundary roughness can be efficiently simu-
lated by the ray tracing of smooth cavities. More
importantly, the strong correlation between hDRi and hsi
confirms that the structure sizes of lasing modes are
determined by the local directionality of optical propaga-
tion. Hence, our results demonstrate that ray dynamics can
be an efficient tool to qualitatively predict the spatio-
temporal lasing dynamics.
Apart from the structure size of lasing modes, spatial

localization of the modes can also promote the nonlinear
processes in the gain medium. Cavities with WGMs like
Limaçon or ellipse feature high local optical intensities, and
this may facilitate the self-focusing effect and result in
stronger output intensity pulsations. Even though simula-
tions with a detailed model of semiconductor carrier
dynamics for asymmetric cavities are desirable for a full
understanding, our analysis of experiments and passive
cavity modes already yields important insights into the
relation between the spatial structure of cavity modes and
nonlinear lasing dynamics.
In conclusion, we establish the resonator geometry as a

powerful design parameter to control the spatiotemporal
dynamics of semiconductor microlasers. The lasing
dynamics is related to the local directionality of wave
propagation, which directly corresponds to the ray dynam-
ics. Our findings enable us to engineer the lasing dynamics
by designing the cavity shape based on ray-dynamical
principles. In contrast to the design of chaotic microlasers
by tailoring temporal oscillation frequencies [39,63], our
approach is based on tailoring the spatial frequencies of
lasing modes, which provides a huge and unexplored
parameter space. From a practical perspective, customizing
the cavity shape enables compact devices to be easily
integrated on chip, in contrast to optical injection and time-
delayed feedback [3,64,65]. Potential applications are the
development of high-power broad-area lasers with stable
dynamics and compact lasers for chaos-based applications
[65,66]. Furthermore, the principle of controlling the
nonlinear dynamics via its geometry can also find appli-
cation in other types of lasers such as broad-area vertical-
cavity surface-emitting lasers [67–69] or random lasers
[70], as well as in other nonlinear dynamic systems in
aerodynamics, fluid dynamics, and plasma physics.
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