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Highly Unidirectional Emission and Ultralow-Threshold
Lasing from On-Chip Ultrahigh-Q Microcavities

Xue-Feng Jiang, Yun-Feng Xiao,

* Chang-Ling Zou, Lina He, Chun-Hua Dong, Bei-Bei Li,

Yan Li, Fang-Wen Sun, Lan Yang, and Qihuang Gong*

Confinement and manipulation of photons using microcavities
have triggered intense research interest for more than a decade.l!
Prominent examples are whispering gallery mode (WGM)
microcavities,’>3l which confine photons by means of contin-
uous total internal reflection along a curved and smooth surface.
The long photon lifetime (described by high Q factors), strong
field confinement, and in-plane emission characteristics make
them promising candidates for novel light sources*! and bio-
chemical sensors with the ability of detecting few or even single
nanoparticles.'% The principal disadvantage of circular WGM
microcavities is their intrinsic isotropy of emission due to their
rotational symmetry. In addition to the photonic structures con-
sisting of two or more perfectly spherical microcavities,!'?l one of
vital solutions is to use deformed microcavities by breaking the
rotational symmetry,'>1% which can provide not only the direc-
tional emission but also the efficient and robust excitation of
WGMs by a free-space optical beam.[7-2% Deformed microcavi-
ties fabricated on a chip are particularly desired for high-density
optoelectronic integration, but they suffer from low Q factors in
experiments. The Q factors are typically around or even smaller
than ten thousand?'=*’l limited by the large scattering losses
from the involuntary surface roughness. The high Q factor is
of great importance in fundamental studies and on-chip phot-
onic applications. Here, with a pattern transfer technique and
a reflow process ensuring a nearly atomic-scale microcavity
surface, we demonstrate experimentally on-chip undoped silica
deformed microcavities which support both nearly unidirec-
tional emission and ultrahigh Q factors exceeding 100 million.
Consequently, low-threshold, unidirectional microlasing in such
a microcavity with Q factor about 3 million is realized by erbium
doping and a convenient free-space excitation.
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The deformed microcavities are fabricated from a 2-um-
thick layer of silicon dioxide on a silicon wafer. Combining
a two-step dry etching process and a laser reflow process is
employed for the first time to transfer patterns and achieve
microcavities with designed shapes and ultra-smooth cavity
surface. The process details are depicted in Figure la. First,
we purposely design the mask patterns with minor modifi-
cations from the desired deformed toroidal boundaries R(¢)
by adding an extra 15 um in the radius at all polar angles.
Through optical lithography followed by buffered HF etching,
deformed silica disks are created on the silicon wafer, which
inherit the mask patterns well. Subsequently, the resulting
silica disks are exposed to XeF, gas at 2.7 torr to etch the
underneath silicon by about 15 pm. In this process, the silica
disks keep their original shapes and also serve as etching
masks for the silicon underneath; consequently a silicon pillar
is formed under each disk. Owing to the isotropic dry etching
of silicon, the underlying silicon pillars obtain the desired
patterns. Then, the silica disks are reflowed by a CO, pulse
laser irradiation, which melts the silica disks along the periph-
eries of the silicon pillars and causes the disks to collapse
into toroids with ultra-smooth surfaces.l?!! Most importantly,
the desired shapes are perfectly transferred from the silicon
pillars back to the silica toroids as expected. Finally, a second
XeF, dry etching process is applied to shrink the top diameter
of the silicon pillars smaller than 10 um. The small silicon
pillar having a small overlap with the silica toroid is crucial to
reduce the silica-to-silicon loss.

The deformed microcavity studied at present has the
boundary defined in the polar coordinates (R, ¢) as

Ry +1nRy Z a; cos’ ¢cos¢p > 0
Ry +nRy Z b; cos’ ¢pcos¢p < 0 )

i=23

R(¢) =

where 71 denotes the deformation parameter related to the
aspect ratio of the shape; R, represents the size parameter. To
achieve the highly unidirectional emission along 180° far-field
direction (emitted at ¢ ~ m/2 and 37/2) from deformed silica
microcavities, a(b), ; are set as a, = —0.1329, a3 = 0.0948, b, =
—0.0642 and b; = —0.0224 (see Experimental Section and Sup-
porting Information). After the sequenced pattern transfers
from initial mask, to photoresist, to silica disk, to silicon pillar
and finally back to silica toroid, the top view SEM image of a
silica toroid and the close-up of the boundary shape are shown
in Figure 1b-c, where the red dashed curve gives the ideal
boundary with the designed parameter n = 1. It can be found
that the microcavity inherits the pre-designed shape very well
after going through several pattern transfers.
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M Oblique view

Figure 1. Fabrication of ultrahigh-Q deformed microcavities on a silicon
chip. a) Flow diagram illustrating the fabrication process. From left to
right: deformed silica disk, first-step undercut etching of the disk, CO,
laser reflow and the second-step undercut etching of the deformed
toroid. b,c) Top view scanning electron microscopy (SEM) image and its
zoome-in of a toroid with Ry = 49 um and 1 = 1.0. The red dashed curve
indicates the designed boundary with n = 1.0. To facilitate comparison,
black dashed curve shows boundary of an ellipse which has the same
aspect ratio and major axis diameter with the designed boundary, and
white dashed curve shows boundary of a circle which also has the same
major axis diameter with the designed boundary. The inset shows a side
view of the deformed toroid.

The microcavities are characterized in 1550 nm band with
a free-space optical coupling system (see Supporting Infor-
mation). The excitation laser is launched from a semicon-
ductor tunable laser (TLB-6328, New Focus, with ultra-narrow
linewidth of <300 kHz) and focused on the

www.advopticalmat.de

modes and neighboring chaotic modes.?*3% For comparison,
the microcavity is also coupled to a tapered fiber,B!l with the
transmission spectrum shown in Figure 2b. It is clearly seen
that all modes coupled to the taper can find their correspond-
ences in Figure 2a, and the free-space coupling efficiently
excites more modes. The free-space coupling efficiency relies
on exact positioning of the incident free-space ray on the cavity
edge with both high angular and translational resolution (see
Supporting Information). In our experiment, the maximal effi-
ciency ranges 15%-40% for cavity modes with different quality
factors. For the measurement of a high-Q mode, for example
the mode 1, a fine scan of the laser wavelength around the
mode is implemented by applying a triangular-wave voltage to
the piezoelectric transducer of the tunable laser, whose scan-
ning frequency range and linearity have been calibrated by the
high precision wavelength meter. The Q factor can also been
obtained by a ring-down experiment (see Supporting Informa-
tion). For the mode 1 with Q factor about 1.5 x 108, the meas-
ured transmission spectra with both the free-space and taper
couplings (Figure 2c-d) exhibit a doublet, originating from the
mode coupling between a pair of counter-propagating WGMs
induced by Rayleigh scattering.™!! Double-Lorentzian fittings
show that the resonant dips have the linewidths about 0.01 and
0.016 pm, together with a splitting of 0.033 pm for the free-
space coupling; while for the taper coupling, the fitting linew-
idths are about 0.015 and 0.02 pm with a splitting of 0.032 pm.
The additional linewidth in the latter case originates from the
fiber taper coupling loss. In the experiment, electromagneti-
cally induced transparency lineshapes (e.g., the modes 2-3)
are usually observed in the transmission spectra with the free-
space coupling, which may be attributed to coupling between
a high-Q WGM and low-Q chaotic modes in the deformed
microcavity.323%

periphery of the microcavity by an objective (
(M Plan NIR 10x, Mitutoyo). The waist of the
focused beam is about 3 um. The emitted
light from the microcavity is collected by the
same or the other objective, then detected by
a 125-MHz photoreceiver, and finally moni-
tored by an oscilloscope. With this setup, the
free-space transmission spectra are obtained
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by a high precision wavelength meter (WS7,
Toptica, with absolute accuracy of 40 MHz).
The microcavity is mounted on a rotational
stage, which is placed on a translational stage
(MDT630A, Thorlabs, with 20 nm resolu-
tion). A typical transmission spectrum for a
microcavity is shown in Figure 2a. The inci-
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dent beam is from 180° far-field direction and
focused on the cavity edge at ¢ ~ 7/2, and the
collection is in the 0° far-field direction. It
can be found that various high and low Q
modes are efficiently coupled free from the
strict phase matching condition, thanks to
the dynamical tunneling between WGM:-like
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Figure 2. Transmission spectra obtained with the free-space excitation (a) and the fiber taper
coupling (b). Numbers 1-3 marked in the plots indicate three corresponding high-Q optical
modes. These modes show a minor red shift when coupled to the taper. c,d) Fine scanning for
the mode 1 in (a) and (b). Here the red dashed curves show double-Lorentzian fittings.
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Figure 3. a,b) Experimental quality factors of various microcavities with different deformation
and size parameters 1 and Ry, respectively. In (a), Ry ~ 45 um while in (b), n~1.0.

In experiments, we fabricated various microcavities with dif-
ferent deformation and size parameters and measured the Q
factors from the transmission spectra with the free-space optical
coupling. The high-Q values can be derived by measuring the
linewidths of the resonant dips in the transmission spectra

(e.g., Figure 2c). As shown in Figure 3a,b,
Q factors are typically higher than 107, and
the ultrahigh Q factor exceeding 10® can be
routinely obtained. The reason for this ultra-
high experimental Q property is attributed to
two factors. On one hand, the reflow process
ensures a nearly atomic-scale surface of chip-
based deformed microcavities, strongly sup-
pressing the scattering loss from the surface
roughness. On the other hand, the predicted
Q factors in theory are ultrahigh over 10® for
the microcavities with a large range of size
and deformation parameters (R, = 20 um
and 1 < 1.5) (see Supporting Information),
and most importantly, the pre-designed shape
can be perfectly transferred to the toroids. It
is also noted that the Q values behave a non-
systematic variation, which result from the
cavity surface contaminations after fabrica-
tion in the lab environment, such as dust
particles. In addition, a very small tendency
for decreasing Q with increasing 7 is visible
in Figure 3a, but the obtained highest quality
factors keep almost unchanged.

Finally, to investigate the emission prop-
erty of the deformed microcavities, we fabri-
cated erbium-doped silica deformed micro-
toroids®* with the Er** ions concentration
of 2 x 10 ecm™. The gain medium in the
microcavities may be efficiently excited using
a free-space vertical focused laser beam!3>:3l
where the pump laser is typically non-
resonant with the cavity mode. Nevertheless,
here we choose to excite the gain medium
through a photonic channel (i.e., a high-Q
cavity mode) which can provide a much

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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longer effective absorption length. Under the
1480 nm band resonant laser pumping (DL-
100, Toptica) with the beam focusing on the
periphery (¢ ~ m/2), the active microcavity
lases in 1550 nm band. The lasing spectrum
is shown in Figure 4a. It is found that sev-
eral WGMs can lase simultaneously under
a strong pumping due to the broad gain
profile. Here we focus on the lasing mode
at 1560.15 nm. By applying a much weaker
pump power (<50 uW) with the free-space
coupling efficiency of ~35%, the microcavity
can experience the single-mode operation
(see Supporting Information). Figure 4b plots
the lasing power at 1560.15 nm collected
at direction versus the absorbed pumping
power. The threshold for the absorbed power
approaches as low as 2 uW, further demon-
strating the ultrahigh Q property of the deformed microcavities.
In the experiment, the quality factors of the erbium-doped sam-
ples are also measured for both the excitation and lasing modes,
which are approximately 3 x 10° and 3.4 x 105, respectively (see
Supporting Information). These Q factors are limited by the
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Figure 4. a) Lasing action in an Er**-doped deformed microcavity with Ry~ 45 um and n~1.03,
under the free-space pumping and collection. b) Threshold behavior for lasing at 1560.15 nm.
c) Far-field emission patterns for the CW, CCW lasing at 1560.15 nm, and their sum, showing
a highly unidirectional lasing emission along 180° direction.
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erbium absorption, which can be directly calculated from the
absorption cross-sections of erbium-doped glass and the doping
concentration. Approximately, the absorption-related quality fac-
tors3”l by erbium are 2 x 10° and 2.1 x 10° in the excitation and
lasing bands, respectively. The slightly larger experimental Q
factors may result from the deactivation of some erbium ions.

To directly characterize the emission property, we selectively
collect the far-field emission from clockwise (CW) or counter-
clockwise (CCW) lasing, by introducing a spatial filter (pinhole)
in the collection optical path (see Supporting Information). The
resulting far-field patterns for 1560.15 nm lasing are shown in
Figure 4c. It is found that both the CW and CCW lasing exhibit
highly unidirectional emission with a narrow divergence angle
smaller than 10 degrees.

In summary, we have demonstrated on-chip ultrahigh-Q
microcavities with nearly unidirectional output characteristic.
The recorded passive Q factors in such microcavities exceed
100 million in near infrared owing to near atomically smooth
surface and special boundary design of the microcavities.
Moreover, benefitting from near-perfect pattern transfers
in the two-step dry etching and reflow processes, the micro-
cavities possess pre-designed boundary which support highly
intrinsic unidirectional emission even for a slight deforma-
tion. By doping erbium into the microcavity, lasing emission
in 1550 nm band is observed under a convenient free-space
optical pumping, with the threshold as low as 2 uW. It is
demonstrated that the well-controlled shape of the micro-
cavity could allow us to achieve lasing emission along a single
direction with a narrow divergence angle. We envision that
this work opens up new possibilities for investigations of
fundamental physics and applied photonics, such as ultralow
threshold microlaser sources, strong coupling physics, and
cavity optomechanics,?¥ by using a convenient free-space
coupling in chip-based ultrahigh-Q microcavities. Further
experiments include the realization of high-intensity, single-
mode and unidirectional emission under both the optical and
electric pumping.

Experimental Section

Mechanism of directional emission: Other than the circular microcavity,
the deformed microcavity supports not only regular WGMs but
also various chaotic modes. In wave optics, the regular WGMs can
dynamically tunnel to neighboring chaotic modes, and the chaotic
modes eventually refract out from the cavity at certain periphery areas.
As a result, a directional emission pattern can be expected by designing
the boundary shape of the deformed microcavity. In our design, the
refractive escapes of the CCW propagating chaotic modes mainly occur
at cavity periphery of @ ~ 7/2, and the far-field direction of emission is
along 180°. Symmetrically, the CW propagating chaotic modes leak out
near the cavity periphery of ¢ ~ 37/2 and show almost the same far-field
emission direction.

Preparation of the Er**-doped deformed microcavities: In the active
deformed microcavity experiments, erbium ion-doped silica film
(~1.5 um) was first prepared on a silicon substrate using the
standard sol-gel method. Dopant concentration was tailored by
the amount of ions in the sol-gel solution. Then, the deformed active
microcavities were created following the same process of the passive
microcavities.
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Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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