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Observations of interior whispering gallery modes in asymmetric optical
resonators with rational caustics
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We propose asymmetric resonant cavities with rational caustics and experimentally demonstrate
interior whispering gallery modes in monolithic silicon mesoscopic microcavities. These
microcavities demonstrate unique robustness of cavity quality factor against roughness Rayleigh
scattering. Distinct resonant families and directional radiation from interior whispering gallery
modes are observed experimentally using angle-resolved tapered fiber measurements and near-field
images, which can be used for microcavity laser and cavity quantum electrodynamics
applications. © 2007 American Institute of Physics. 关DOI: 10.1063/1.2800308兴
Photon confinement and processes in microcavities1–3
are critical for a vast span of fundamental studies and applications, ranging from ultralow threshold microcavity lasers,
nonlinear frequency generation,4,5 dynamic filters, and
memory for communications, to interactions of atoms with
cavity modes in both strong and weak coupling regimes in
cavity quantum electrodynamics 共QED兲.6,7 Characterized by
the cavity quality factor 共Q, photon lifetime兲 and modal volume 共V, field intensity per photon兲, two-dimensional 共2D兲
disklike resonant structures have achieved remarkable Q up
to ⬃108 with V ⬃ 450共 / n兲3.2 A desirable characteristic of
these planar whispering gallery mode resonators is that of
directional emission, without significant Q spoiling from the
loss of rotational symmetry.8–11 Different approaches have
been explored to show directional lasing from certain special
cavity modes in far field distribution by deforming semiconductor or polymer circular microcavities into quadrupole
shape,8 stadium,12 spiral shape, and line defect13 with a critical and optimized deformation parameter. These asymmetric
resonant cavities 共ARCs兲 also have potential applications in
the study of disorder and localization in mesoscopic systems
as well as quantum chaos14 in the diffusive limit. In this
letter, we show our unique approach to design ARC with
interior whispering gallery modes and characterize their directional radiation in monolithic silicon microcavities using
angle-resolved tapered fiber coupling techniques and nearfield images.
The ARCs we construct here possess whispering gallery
modes spatially located deep inside the resonator.15 These
cavities have the special property that one can inscribe into
the boundary a one-parametric family of p-periodic orbits of
the associated billiard map. The shapes of such resonators
are constructed numerically as a solution of a nonholonomic
dynamical system.15 Here we demonstrate a class of resonators with a family of four-periodic orbits. The involute of all
these four-periodic orbits forms the rational caustic of the
shape. In the surface of section 共SOS兲 plot which represents
the classical ray motion in phase space,16 a rational caustic
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corresponds to an invariant curve consisting of periodic orbits. Under slight perturbation this curve breaks up and a
near integrable region appears with the usual periodic orbits
surrounded in phase space by elliptic islands, invariant
curves, and chaotic regions. This region can be seen in the
SOS of Fig. 1共a兲 which is called the interior whispering gallery 共IWG兲 region. One would expect a family of quasimodes or resonances localized near the original rational caustic.
Light will mainly escape at the location where the near integrable region resulting from the rational caustic is closest to
the line of total internal reflection. Emission is expected to
have strong directionality where half of the total radiation

FIG. 1. 共Color online兲 共a兲 Poincaré surface of section plot. Horizontal axis 
represents the intercept point of the ray and the cavity boundary, and vertical
axis  represents the incident angle between the ray and the tangent line of
the boundary. The red solid line corresponds to the total internal reflection.
共b兲 IWG mode supported near the rational caustic and 共c兲 the fundamental
WGM mode. 共d兲 Numerical simulations of Q for WGMs 共squares兲 and IWG
modes 共circles兲 vs cavity edge roughness.
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comes from positions according to ⌽ = 90°,  ⬃ 45° or 135°
in SOS map with lateral divergence angle of ⬃11° in the
azimuthal direction.
Analogous to whispering gallery modes 共WGMs兲 which
are shown in Fig. 1共c兲 and has Q ⬇ 3.0⫻ 108, one can also
find a family of IWG modes which are supported near the
rational caustic and has Q ⬇ 1.8⫻ 104, as shown in Fig. 1共b兲.
We calculate TM modes and Q factors by reducing the threedimensional Maxwell equations to a 2D resonance problem
and solve this with a boundary integral method.17 The size
and geometry of the ARC in the simulations are the same
with the fabricated ARC. Our analysis also shows that these
IWG modes have linear modal volumes ⬃10共 / n兲3 and nonlinear modal volumes ⬃50共 / n兲3.5 In order to study the intrinsic loss mechanisms in the ARC, slight perturbations to
the cavity shape are introduced to investigate numerically the
effects of sidewall disorder roughness 共in the actual fabrication兲 on Q for both the fundamental WGMs and IWG modes.
The intrinsic loss mechanisms in microcavities include radiation loss, scattering loss, material absorption, and surface
absorption.18 For microdisks with current modal volumes,
surface and material absorption-limited Q are typically on
the order of 106.18 Because experiments of the fabricated
ARCs show that total Q are on the order of 103, surface and
material absorption losses are negligible here. For WGMs,
the radiation Q is theoretically ⬃108 so that surface scattering will predominantly dominate the total loss. However, for
IWG modes, the radiation Q is around 104 due to the intentionally constructed asymmetric shape for directional emission so that radiation is the major loss mechanism for ARC
with small edge roughness. When the roughness is large
enough, scattering loss will turn out to be comparable to
radiation loss. Figure 1共d兲 shows an exponential drop of Q
for the WGM with increased edge roughness, whereas Q for
the IWG is only slightly affected by a perturbation larger
than 15 nm. Even when the roughness is larger than 20 nm,
we still get a less significant spoiling of Q by boundary imperfection for IWG modes than for WGMs because IWG
modes are mostly concentrated along the rational caustic and
away from the boundary.
Having designed this special class of ARC, we fabricate
the resonators from silicon-on-insulator wafers consisting of
a 200 nm thick Si layer on top of a 3 m SiO2 cladding
layer with electron-beam lithography and inductively
coupled-plasma reactive-ion etch. The SiO2 layer is etched in
buffered hydrofluoric acid to suspend the microdisklike
structures.19 An example scanning electron micrograph
共SEM兲 of a microfabricated resonator is illustrated in Fig.
2共b兲, with an estimated line-edge roughness of 17 nm.
To characterize the silicon ARC, a tapered optical fiber
setup such as described in Refs. 20 and 21 is used. By keeping an adiabatic taper profile, a SMF-28 fiber is pulled into a
tapered fiber with ⬃1.1 m waist diameter and negligible
loss. The tapered fiber is then curved to provide coupling and
contact with the edge of the ARC.20 The radius of curvature
of the curved tapered fiber is ⬃150 m. Light from an amplified spontaneous emissions source, passing through an inline fiber polarizer and a polarization controller, is evanescently coupled into cavity through tapered fiber. The imaging
system consists of a 50⫻ long working distance objective
lens and an 8⫻ telescope. Figure 2共a兲 shows the taper transmission spectra at different coupling positions 关共1兲–共4兲兴 关as
defined in Fig. 2共b兲兴 for TM-like modes. Different coupling
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FIG. 2. 共Color online兲 共a兲 Normalized transmission spectra when the taper
touches the resonator side in tangential direction at different positions. 共b兲
SEM of fabricated suspended silicon ARC on oxide pedestal. Dotted lines
共--兲 show tapered fiber spatial probe positions 关共1兲–共4兲兴. 共c兲 Transmission
spectrum for TE-like and TM-like polarizations.

depths at each position reflect the asymmetric property of
this resonator. Positions 共3兲 and 共4兲 show better coupling
efficiency due to the strongest mode overlap in the evanescent field with the curved tapered fiber. At positions 共1兲 and
共2兲, the coupling to the resonant modes does not show
strongly and asymmetric Fano lineshapes22 also appear
which we suspect are due to an interference pathway between a direct background 共weak tapered fiber cavity兲 and
indirect resonant 共ARC兲 pathway. Figure 2共c兲 shows transmission for both TE-like and TM-like polarizations at position 共3兲. TM-like mode is selected in measurement due to its
stronger coupling and significantly reduced sensitivity to
cavity edge roughness.19
We perform our tapered fiber coupling measurements
along different coupling angles to study the radiation directionality. The transmission spectra in Fig. 3共a兲 show that two
distinct mode families with free spectral range of ⬃11 nm
are strongly supported in this ARC. To identify these families, we examined the coupling depth versus  关the coupling

FIG. 3. 共Color online兲 共a兲 Normalized transmission spectra when the taper is
positioned along different coupling angles  at position 共3兲. 共b兲 Experimental and numerical 共inset兲 results for coupling depth vs . 共c兲 Near-field
images of IWG modes 共c2兲 and WGMs 共c1兲.
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FIG. 4. 共Color online兲 共a兲 Transmission spectrum when fiber-cavity separation g = 0. 共b兲 Coupling depth 共circles兲 and Q factor 共squares兲 as functions of
g. Inset: experiment illustration for measuring the Q value.

angle between the resonator and the fiber as defined in Fig.
2共b兲兴 at position 共3兲. In Fig. 3共b兲, there exists a critical angle
 ⬃ 30° for the IWG modes where best coupling occurs. For
the WGMs, no peaks appear and the coupling depth decreases continuously, which shows that the mode overlap
between the WGMs and fiber mode decreases when the tapered fiber is far away from the tangent position. This gives
a clear indication that we can distinguish IWG modes and
WGMs from different coupling-angle dependences. The
strongest coupling strength tells us that the cavity mode radiation is strongest in this direction, which matches consistently with our numerical predictions of directional emission.
We also perform control measurements of WGMs in circular
microdisk as a comparison. The coupling depth decreases
exponentially as we expect, and the slight discrepancy between the WGMs in our ARC and WGMs in circular microdisk is due to the asymmetric shape of our resonator. Inset of
Fig. 3共b兲 shows calculated mode overlaps, which are proportional to the coupling depths, between cavity modes and the
fiber mode. We observe consistently the strongest mode
overlap between the IWG modes and the fiber mode at 
⬃ 45°, which matches our experimental result. We attribute
the offset between the measured and calculated peak positions primarily to the small deviation between our design and
the actual shape, and uncertainties in the exact angular determination.
To investigate individual mode distribution in ARC, Fig.
3共c兲 shows the near-field images using a tunable laser and a
ThermCAM Merlin near-infrared camera. When the wavelength is tuned on-resonance with the IWG mode, as shown
in Fig. 3共c2兲, only three bright scattering regions which represent the directional emission of the ARC are observed. This
corresponds directly to three regions of high intensity in the
IWG mode shown in Fig. 1共b兲, and also agrees with three
peaks within the IWG region in the SOS map in Fig. 1共a兲.
For comparison Fig. 3共c1兲 shows WGM mode when tuned
on-resonance, and scattering from the entire boundary can be
observed. This confirms our simulation result that scattering
loss of WGM modes due to edge roughness is dominated
while IWG modes is not sensitive as WGM to Rayleigh scattering from edge roughness. As a reference, a near-infrared
image with off-resonance condition is also illustrated in Fig.
3共c3兲, where only the fiber mode is observable.
To characterize the quality factor of IWG modes,
feedback-controlled piezoelectric stages are used to control
the lateral taper-cavity separation g, which is illustrated in
the inset of Fig. 4共b兲. The transmission spectrum in Fig. 4共a兲
shows a loaded Q of 2800 for IWG mode at 1543.44 nm
when g = 0. Note that the WGM typically shows a larger Q of
8000 than IWG mode due to the increased leakage of IWG

modes from directional emission. In Fig. 4共b兲, the loading
effect diminishes as g increases and the estimated intrinsic
cavity Q is ⬃6000 for IWG mode. The measured Q deviates
from the numerical predictions due to increased surface scattering in the vertical direction 共not captured in simulations兲.
In summary, we have constructed numerical methods to
design remarkable asymmetric resonant cavities with high Q
interior whispering gallery modes and observed experimentally the radiation directionality of these modes with Q value
of ⬃6000 through angle-resolved tapered fiber coupling
techniques. The Q values of these modes are not spoiled by
slight edge boundary imperfection, which is an advantage for
application and proves the usefulness of resonators with rational caustics together with the directionality. Our design
and characterization of interior whispering gallery modes in
silicon asymmetric resonant cavities open the door to engineer the asymmetric cavity shape and achieve its application
in microcavity-based QED and lasing with directional emission in the future.
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