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Regulated Photon Transport in Chaotic Microcavities by Tailoring Phase Space

Yan-Jun Qian,' Hui Liu," Qi-Tao Cao,' Julius Kullig,2 Kexiu Rong ! Cheng-Wei Qiu J Jan Wiersig z Qihuang Gong,l’4

Jianjun Chen,”" and Yun-Feng Xiao

LA

'State Key Laboratory for Mesoscopic Physics and Frontiers Science Center for Nano-optoelectronics, School of Physics,
Peking University, 100871 Beijing, China
*Institute for Physics, Otto von Guericke University Magdeburg, D-39016 Magdeburg, Germany
3Department of Electrical and Computer Engineering, National University of Singapore,
4 Engineering Drive 3, Singapore 117583, Singapore
*Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan 030006, China
5Department of Physics and Applied Optics Beijing Area Major Laboratory, Beijing Normal University, Beijing 100875, China

® (Received 2 September 2021; accepted 2 December 2021; published 28 December 2021)

Manipulating light dynamics in optical microcavities has been made mainly either in real or momentum
space. Here we report a phase-space tailoring scheme, simultaneously incorporating spatial and momentum
dimensions, to enable deterministic and in situ regulation of photon transport in a chaotic microcavity. In
the time domain, the chaotic photon transport to the leaky region can be suppressed, and the cavity resonant
modes show stronger temporal confinement with quality factors being improved by more than 1 order of
magnitude. In the spatial domain, the emission direction of the cavity field is controlled on demand through
rerouting chaotic photons to a desired channel, which is verified experimentally by the far-field pattern of a
quantum-dot microlaser. This work paves a way to in situ study of chaotic physics and promoting advanced
applications such as arbitrary light routing, ultrafast random bit generation, and multifunctional on-chip

lasers.
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Optical microcavities lay the cornerstone in diverse
fields, such as quantum optics, coherent light sources,
and photonic circuits [1-5]. Over the past decades, much
effort has been devoted to manipulating optical fields in
microcavities, enabling fundamental physics studies, and
superior functional devices. Typically, previous research
was classified by two operation domains: (i) in real space,
mode-field distribution is engineered by designing the
cavity structure or incorporating surface plasmon, providing
capabilities for field-enhanced applications such as nano-
lasers [6,7], ultrasensitive sensing [8—11], and quantum
information processing [12,13]; (ii) in momentum space, by
engineering the mode dispersion or controlling the propa-
gation direction, advanced photonic devices are realized,
including soliton microcombs [3,14], single-photon routing
[15,16], and exceptional-point sensors [17-19].

Besides, phase space, spanned by generalized coordi-
nates and their conjugate momenta, provides a compre-
hensive description of a dynamical system and thus is
crucial in modern physics, involving quantum mechanics,
condensed-matter physics, thermodynamics, and statistical
mechanics [20,21]. The rich structure of the phase space of
an asymmetric microcavity was first studied by Nockel
etal. [22,23]. Recently, dynamical processes in phase space
have promoted numerous applications, such as free-space
routing [24-26], level statistics [27,28], and broadband
momentum transformation [29,30]. Generally, these studies
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rely on the design of cavity boundary shape, and the phase
space is changed only holistically, instead of a position-
specific control of a particular dynamical orbit. Such a limit
severely rules out access to the on-demand manipulation of
light dynamics in phase space, hindering the further
applications with asymmetric microcavities and in situ
studies on wave chaos, such as chaotic transport [31-33],
dynamical localization [34-36], and tunneling [37-40].
Although an alternative scheme by inserting a circular-
shaped inclusion into a microdisk, i.e., annular cavity is
proposed theoretically to modify phase space [41-44], a
local control of specific orbits in phase space is still
unrealized and remains challenging. In this Letter, we
propose to tailor the phase space to precisely regulate
photon transport dynamics in a chaotic microcavity.
Through inserting defect perturbations inside an asymmet-
ric microcavity to intercept the leaky path in phase space, a
great increase of quality (Q) factor is obtained by more than
1 order of magnitude, showing highly confined optical
resonances in the time domain. Moreover, the spatial
emission directions of light can be manipulated on demand
by reconstructing the output transport channel. This phe-
nomenon is verified experimentally through monitoring the
far-field pattern (FFP) of a quantum-dot microlaser.

As shown in Fig. 1(a), the trajectories of light rays in a
microcavity can be projected into the reduced phase space
(Poincaré surface of section), which is spanned by Birkhoff
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FIG. 1. (a) Ray trajectories in an asymmetric microcavity. Blue

segment: a reflective line-defect tailor. I: incident light, I nd II'":
light ray without and with the tailor. (b) Ray dynamics in the
phase space of the microcavity in (a), where the inset is for a
circular cavity. (c) Projection of the light beams I, II, and Il into
phase space, where the incident beam is initialized with a
Gaussian transverse profile. (d) Tailored area in phase space
by the line-defect tailor in (a).

coordinates [22,45], i.e., the azimuthal angle ¢ and the
incident angle y. In a circular microcavity, the angular
momentum of intracavity light is conserved, leading to
invariant lines in phase space [inset of Fig. 1(b)]. When the
cavity boundary is deformed, various orbit structures
emerge in phase space, including Kolmogorov-Arnol’d-
Moser (KAM) curves, short-period orbits, and chaotic sea
[Fig. 1(b)] [31,46]. In particular, the chaotic sea can serve
as a rapid channel for photon transport which is pivotal in
momentum transformation, quantum localization, unidi-
rectional emission, etc. [29,31]. Here, the boundary of the
deformed cavity is a typical quadrupolar shape defined as
R(¢p) = Ro[1 + ecos(2¢)] [31,46,47], where R, decides
the cavity size and ¢ is the deformation parameter (¢ = 0.12
if not indicated otherwise).

By inserting a line defect into the deformed cavity, the
photon transport dynamics is regulated, where the incident
beam can be either absorbed or reflected into another path,
depending on the permittivity of the tailor, as shown in
Figs. 1(a) and 1(c). Graphically, the phase space is tailored
by the defect, exhibiting a ribbonlike region [Fig. 1(d)]
which can be tuned by multiple degrees of freedom such as
the central position, orientation, and geometry of this
defect. When different structures in the phase space such
as KAM curves or short-period orbits are hit by the tailor,
the corresponding trajectories are interrupted, resulting in
selective suppression of high-Q whispering-gallery modes
(WGMs) or island modes by several orders of magnitude as
desired. Dramatically, this phase-space tailor can be uti-
lized to manipulate chaotic dynamics, and in the following
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FIG. 2. (a) Manipulation of the photon temporal confinement.

Yellow plot: field distribution in phase space of a WGM. Orange
curves: partial barriers for confining the WGM. Blue ribbon:
tailored region with a line defect shown in the inset. Black dashed
lines: critical lines of total internal reflection. Flux sequence
I — II — Il displays the leaky path without the tailor. II’, III” and
IV’: the first three iterations of flux I with a line-defect tailor.
Inset: distribution of the WGM in real space. (b) Schematic of the
leaky path in (a). (c) Q factors of odd and even WGMs versus
orientation angle 0 of the reflective tailor. Insets: Enlarged spatial
field distributions. (d) Dependence of flux II' on 6. Tailor
parameters: center coordinate (+0.3R,, £0.479R,), length
~0.12R,, line thickness ~0.015R,), refractive index ~0.5 4 10i.

we will show two examples for controlling the temporal
confinement and spatial emission of cavity modes by regu-
lating the chaotic photon transport.

In the chaotic cavity, photons can be confined by a
characteristic structure named partial barrier [orange
curves in Fig. 2(a)], which divides the phase space into
two nearly isolated subregions [32,35,48,49]. Resonant
modes are formed in one of the subregions [yellow plot in
Fig. 2(a)], where the mode can transport across the barrier
only at turnstile structures in phase space [50], such as
fluxes I, II, IIT in Fig. 2(a). Eventually, after the turnstile
transport I — II — III, the photons at flux III enter the
leaky region with the incident angle smaller than the critical
angle of total internal reflection [Fig. 2(b)], contributing to
the loss of the resonant modes. When a line-defect tailor
with high reflectivity is introduced into the cavity, we show
that the phase space is tailored by a ribbonlike area, and the
aforementioned leakage can be intercepted as desired. It is
found that the flux I through the turnstile can be in situ
redirected to a new flux II' in the opposite propagating
direction by deliberately designing the tailored area. In the
following motions, the photon flux keeps itself inside the
cavity experiencing total reflections for much more times
[ - ' - IV — ... > IX'), until partially touching the
leaky region [51]. Thus, with the rising lifetime of the
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intracavity photon, the resonant modes will experience
lower loss, and the Q factors are expected to increase
significantly.

The wave simulation is then conducted to demonstrate
this improvement of temporal confinement by tailoring
the phase space of a two-dimensional asymmetric micro-
cavity. By employing the finite-element method for the
simulation at the 1550 nm band, a pair of nearly degenerate
transverse-electric eigenmodes are observed with different
parity, i.e., the odd and even WGMs [53], of which their
initial Q factors are calculated to be about 6.51 x 10*
[Fig. 2(c)]. Considering the mirror symmetry of the quad-
rupolar cavity, four gold tailors with high reflectivity are
symmetrically assigned to intercept all four leaky paths of
the WGMs, and the dependence of the improved Q factors
on the orientation angle 6 of the tailors is plotted in
Fig. 2(c). Especially, the highest Q factors are obtained
as 1.03 x 10° (9.74 x 10°) for the odd (even) mode at
6/rad ~ 1.9, showing an improvement exceeding 1 order of
magnitude compared with the case without tailors. This is
because the flux II’ travels inside the tailored area when
varying the orientation angle of the defect, and reaches the
maximum of angular momentum at /rad ~ 1.9, as shown
in Fig. 2(d). It is also noticed that the difference of Q factors
between odd and even modes may come from the external
coupling in wave regimes [54].

Besides the temporal confinement of the photons, the
spatial emission direction of the cavity field can also be
engineered by constructing the chaotic photon transport
channel with the phase-space tailor. Generally, the micro-
cavity emission pattern is obtained by analyzing the chaotic
transport dynamics in phase space, where the leaky fluxes
[T in both Figs. 2(a) and 3(a) result in the directional output
emission [51]. By introducing a defect tailor into the cavity,
the antecedent flux before the leakage can be tailored, so
that the spatial emission is on-demand controlled by

engineering the subsequent chaotic transport. When the
defect is set as a perfect absorber covering flux I, the photon
transport I — II is terminated. Hence, the refractive emis-
sion from the subsequent flux III under the critical line
[dashed line in Fig. 3(a)] is forbidden, resulting in the
elimination of the corresponding emission peak 3, while the
rest of far-field emission peaks from other transport paths
are preserved well as seen in the upper panel of Fig. 3(b).
Correspondingly, the dynamic output in phase space is
shown in Fig. 3(c) by the ray-model simulation, where the
whole phase space is initialized with uniform energy
intensity distribution [51] and the eliminated emission is
marked by the dashed circle. It is noted that the other
emission peaks can be also removed and only one is
retained by inserting the corresponding tailors, leading to
the unidirectional far-field emission. When the defect is set
as a perfect reflector, a new transport path is constructed,
where the flux I is redirected to II' as presented in Fig. 3(a).
Thus, the original emission peak 3 at 1.357 is transferred to
peak 3’ at 0.81x in the far field as shown in Fig. 3(b), of
which the near-field output is revealed in phase space
[Fig. 3(c)]. Note that the transport can also be modulated at
other fluxes, such as II or III, for multiple manipulations
of far-field emission, which sustains the compatibility of
this strategy for different cavity boundaries and refractive
index.

In the experiment, we demonstrate the tailor-engineered
photon transport by applying a colloidal-quantum-dot
(CQD) microlaser using a quadrupolar cavity with
Ry =10 ym, as shown in Fig. 4(a). The asymmetric
microcavity is fabricated by exposing a polymer film using
electron beam lithography and then filling it with CQD
solution after etching the exposed part, while the tailor is
formed by unexposing a particular region inside the cavity
[51]. Under the pump with a pulse width of 200 ps at
532 nm, the multimode lasing signals are generated at
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FIG. 3.

(a) Photon transport in the chaotic region without or with a tailor. Gray shadow: the localization region by the partial barrier

presented as the orange curve. Blue ribbon: tailored region in phase space. I, II, and III are three typical fluxes in the transport process
without the tailor. IT’ is the transferred flux from I by the reflective tailor. (b) Far-field emission of the asymmetric microcavity without a
tailor or with an absorptive/reflective tailor. (c) Accumulated energy output under the critical line for the cavity with an absorptive or
reflective tailor. The spots marked in sequence correspond to the emission peaks in (b). Tailor parameters: center coordinate (0.39R,,

—0.46R,)), length ~0.12R, orientation #/rad ~ 1.36.
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FIG. 4. (a) Scanning-electric-microscope image of the asym-
metric microcavity, where the radius parameter Ry = 10 ym and
the thickness of the cavity is about 300 nm. (b) Dependence of
lasing emission intensities on pump fluences with a tailor. Inset:
optical spectra below and above the lasing threshold as marked by
the arrows. (c) and (d) Measured FFPs of the laser without and
with a tailor, where the emission spots on the surrounding ring are
marked as 1-4.

660 nm band as presented in the inset of Fig. 4(b). The
strongest emission intensity depending on the pump flu-
ences is depicted in Fig. 4(b), showing the lasing threshold
of 93.37 uJ/cm?.

Surrounding the microcavity, a ring with a radius of SR,
and a width of 1 um is etched to serve as a monitor to
display the FFP of the microlaser by out-plane scattering.
Afterward, the FFP is directly observed by a camera while
the microcavity is in the lasing regime (see measurement
setup in [51]). For a cavity without the tailor [Fig. 4(c)],
four bright spots emerge on the surrounding ring monitor,
agreeing well with the expected quadrupolar-emission
characteristic. For a cavity with the tailor [Fig. 4(d)] that
can be treated as an absorber because of the out-plane
scattering, the light spot 3 is eliminated at the ring monitor
as shown by the dashed circle, which is consistent with the
theoretical prediction [51]. Furthermore, the FFP is char-
acterized by the lasing spectra of one mode in multimode
lasers, which is demonstrated by selectively collecting the
light at different azimuthal angles of the surrounding ring
through a movable pinhole [51]. By recording the intensity
of the strongest lasing mode, as denoted by the dashed
rectangle in Fig. 5(a), the FFPs of the microlaser without
and with the tailor, are plotted in Figs. 5(b) and 5(c),
respectively. It is found that the far-field emission 3 at 200°
is eliminated by tailoring the phase space, agreeing well
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FIG. 5. (a) Lasing spectra at azimuthal angles of 160° and
200°, where the strongest emission peaks are marked by the
dashed rectangle. (b) and (c) Experimental far-field emission of
the strongest lasing mode for the cavity without and with a
tailor. The gray curves present the far-field emission pattern by
the ray model.

with the theoretical design and the optical image captured
by the camera. The measured extinction ratio of the
emission at 200° is over 3.5 compared with that at 160°,
and it can be further boosted by increasing the dissipation
of the tailor. Notably, benefiting from excluding the
fluorescence background, the fine structures, i.e., two pairs
of subpeaks around 90° and 270°, are clearly observed in
the far-field by the laser spectra of the mode at ~662 nm,
which derives from the low refractive index of the quad-
rupolar cavity [51].

In summary, we have demonstrated the in sifu regulation
of photon transport in a chaotic microcavity by tailoring its
phase space. The temporal confinement is enhanced by
redirecting the leaky transport channel to a long-lived path,
so that the Q factor of the resonant mode is increased over 1
order of magnitude. Moreover, the spatial far-field pattern
of the cavity mode is engineered through constructing a
desired emission channel, which is verified experimentally
by a quantum-dot microlaser. Note that although intracavity
defect perturbations have been used previously for mani-
pulating light fields [17,55], these studies aim at the
dynamics in either real or momentum space, of which
the underlying physics is fundamentally distinct from
manipulating photons in phase space by this work.
Furthermore, this strategy can be readily extended to many
other fundamental studies as phase space is ubiquitous in
nature. For example, the control of system openness by
tailoring phase space can promote a comprehensive study
of non-Hermitian physics, and the engineering of the
temporal confinement may stimulate the exploration of
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tunneling dynamics [44,45,56]. The in situ perturbation
method makes it flexible to control specific structures in
phase space, such as constructing an artificial partial barrier
and revealing dynamical localization in a chaotic saddle
[32,33,48]. Besides, the multidimension manipulation of
this work makes it promising for advanced photonic
applications, such as ultrafast random bit generation,
photonic computing, and multifunctional lasers [30,57,58].
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