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1. Introduction

Optical microcavities have attracted considerable attention and
played an essential role in on-chip classic and quantum informa-
tion processing during the past decades'. Optical microcav-
ities have broad application areas, such as micro-lasers),
channel-adding-and-dropping filters'™”!, optical switching'®),
ultrafine sensing”’, displacement measurement'®!, and rotation
detection'®. High-quality (Q) optical microcavities with a
Q-factor > 107 are mostly made from silica using techniques
such as reflow and sophisticated etching to create wedged fac-
ets!%), They have been molded into a wide variety of forms, from
spheres[“] and toroids'?! to disks!"?!, bottles"*, rings[lsl, and
bubbles!'®!. However, the transparent window for silica is lim-
ited in the visible and near-infrared regions. There are enormous
vital applications in the mid-infrared area, where optical micro-
cavities can be leveraged. Silicon happens to be a transparent
optical medium from near-infrared up to 8 pm in the mid-infra-
red region!'”'®], and it has a substantial nonlinear coefficient
(e.g., its third-order nonlinearity susceptibility is 10° times larger
than that of silica)'®). Therefore, silicon is an excellent candidate
for optical microcavities and resultant cavity-enhanced nonlin-
ear applications in this wavelength region. Using a sophisticated
dry or wet etching process, silicon microrings, microdisks, and
microspheres have been reported®*??\. Moreover, silicon
microspheres have been obtained by chemical vapor deposition
techniques. Still, their sizes are too small to be used as
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An effective way to fabricate high-quality (@) silicon microcavities on-chip is proposed and studied. Our fabrication tech-
nique consists of two significant steps: (1) patterning a special silicon micro-pillar by Bosch processes and (2) subsequent
reflow of the pillar into a spherical-like microcavity using a laser pulse at 532 nm. Its shape and surface roughness are
characterized using a scanning electron microscope and an atomic force microscope. The root-mean-square roughness of
the surface is about 0.6 nm. A representative value for the loaded @-factors of our silicon spherical-like microcavities is on

Keywords: optical microcavity; whispering gallery mode; high @-factor.

high-Q-factor optical microcavities for the near-infrared and
mid-infrared regions'>). Hung et al. used the high-power exci-
mer laser to melt and reshape the silicon rods to obtain spheres
of larger sizes. However, the spheres have maximum size restric-
tions because of the limited thermal conduction rate'**). In
another experiment, Wu et al. fabricated silicon microspheres
by melting the silicon strip with a hydrogen torch, and the
Q-factor obtained in their work was 1.3 x 10412, Li et al. fabri-
cated micrometer and submicrometer (200-1000 nm) silicon
spheres by pulsed-laser selective heating in a liquid medium!>®!,
Many efforts have been devoted to reducing the scattering losses
caused by surface roughness, including dry oxidation, wet
chemical etching, and hydrogenation'®”~**). However, achieving
relatively large silicon spherical cavities while having high
Q-factors remains a big challenge.

We propose fabricating on-chip silicon spherical microcav-
ities by heating a large silicon pillar on a silicon pedestal or a
mushroom-like silicon structure on a silicon-on-insulator
(SOI) substrate with a laser under atmospheric pressure and
at room temperature. Different etching processes are used in
our experiment to prepare these unique structures; a careful
direct laser-heating step with proper influence then reshapes
these mushroom-like structures into spherical microcavities
by reflowing the whole structure. The exact shape and morphol-
ogy of the prepared silicon spherical microcavities are character-
ized using a scanning electron microscope (SEM) and an atomic
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force microscope (AFM). Optical whispering gallery modes
(WGMs) of these spherical microcavities are tested using a
tapered-fiber coupling system, in which aloaded-Q on the order
of 10° is demonstrated.

2. Experiment

Our experiment fabricated silicon spherical microcavities on a
commercial SOI wafer with a 16-pm-thick device layer and a
2-pm-thick buried oxide. The device layer is n-type silicon with
orientation (100) and resistance of 10-20 Q-cm. Instead of using
a single silicon pillar, a mushroom-like structure, where a silicon
pillar sits on a narrow pedestal, as shown in Fig. 1, is used to
fabricate a spherical microcavity by reflowing. The reason for
not using a single pillar is that reflowing such a structure in
experiments makes it difficult to form a spherical shape due
to silicon’s low surface tension. Two-step Bosch processes with
different process parameters are adopted in a sequence to pre-
pare the mushroom-like structure. A Bosch process requires two
kinds of gases, where the SF4 gas does the etching while C,Fg gas
deposits a passivation layer to inhibit the already etched and
exposed sidewall. A very deep silicon etching could be achieved
periodically by alternating these two gases. The etched sidewall
is usually not perfectly vertical microscopically, but instead, it is
curvy because of the tendency of isotropic etching and periodic
along the vertical etching direction because of the periodic alter-
nation of two gases. Usually, with a considerable period, the
sidewall becomes increasingly curvy. This effect is exploited
to make a unique mushroom-like silicon structure by tuning dif-
ferent time ratios between etching and passivation.

Detailed step-by-step fabrication processes are presented in
Fig. 1. First, the commercial SOI wafer mentioned above is
cleaned and spin-coated with a layer of photoresist (AZ5214)
about 1.5 pm thick and then patterned with a mask-less photo-
lithography system (SE-100, Intelligent). Second, after develop-
ment, the first Bosch process is performed in the HSE200s Deep
Silicon Etcher. The top part of a mushroom-like structure, a sil-
icon pillar, forms after 60 cycles of Bosch processes. The size of
this pillar primarily determines the size of the spherical micro-
cavity prepared later by laser reflowing. Third, another Bosch

Bosch
Pattern process 1
Bosch
process 2

PR(AZ5214

Si substrate

Illumination

Fig. 1. Flowchart of the fabrication processes.
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Table 1. Main Parameters of Bosch Processes.

1st Bosch Process 2nd Bosch Process

Passivation time/  Etching time/  Passivation time/  Etching time/

cycle cycle cycle cycle
08s 17s 1s 245 s

Number of cycles: 60 Number of cycles: 1

process is used to prepare the pedestal of the mushroom-like
structure by first depositing a thick passivation layer on the
already formed silicon pillar to prevent it from being further
etched. Next, the pillar is undercut to create a narrow pedestal
via a relatively long etching time to complete the mushroom-like
structure. The main parameters of two different Bosch processes
are listed in Table 1. Finally, a direct laser-heating step with an
adequately controlled influence reshapes the mushroom-like
structure to a more-or-less spherical silicon microcavity with
the help of silicon surface tension in its liquid state during heat-
ing. An optical laser beam with a wavelength of 532 nm and an
emission power of 5 W (Coherent Verdi V18), which silicon
strongly absorbs, is focused onto the fabricated structure with
an estimated optical intensity of 16 MW /cm?. A programmable
shutter is used to precisely control the laser illumination time.
After several rounds of optimization, a suitable illumination
time for our structure is determined to be about 0.005 s. The
energy density imposed on this structure is estimated to
be 80]/cm?.

3. Results and Discussion

The exact shapes of our fabricated on-chip samples before and
after 532 nm laser illumination are characterized using SEM and
shown in Fig. 2. A side review of an as-etched sample shown in
Fig. 2(a) reveals the mushroom-like structure. Further investiga-
tions show that this pillar has a diameter of about 15 pm and a
height of about 6.5 pm. Figures 2(b) and 2(c) show the silicon
structure’s front and top views after laser illumination. The
newly formed structure has a nearly spherical shape except
for the north pole region, which has a noticeable bump. A strong
correlation is found between the location of this bump and the
moving direction of the blade inside the shutter during the clos-
ing of the shutter. It is thus suspected that the bump is the last
part of the silicon spherical-like structure to solidify during the
sudden cooling down caused by the laser illumination being
blocked by the shutter. The low surface tension of silicon cannot
completely smooth the surface before the structure solidifies.
The low surface tension is also responsible for the unsuccessful
attempts of forming a silicon sphere when only a silicon pillar
without a pedestal is used for laser heating and reflow. It is found
experimentally in this case that only a half-sphere could be
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Fig. 2. SEM images of our prepared sample. (a) Side view before laser illumi-
nation, (b) and (c) side view and top view after laser illumination, and (d) zoom-
in view of the edge after laser illumination.

formed. However, without a clearly defined equator, this half-
sphere does not support high-Q optical WGMs. To solve this
issue, the current mushroom-like structure is developed, and,
with it, the formed spherical-like silicon structure has an
exposed equator zone with a diameter measured to be close
to 15 pm. Figure 2(d) shows the zoom-in SEM view of the details
of the surface of the sphere-like silicon microcavity near the
equator region. The overall surface Q is excellent, judging from
its surface smoothness.

To further investigate its surface Q, AFM is utilized to observe
the surface morphology of this fabricated silicon sphere-like
microcavity, and a representative AFM image for regions near
the equator is shown in Fig. 3. The root-mean-square (RMS)
roughness, calculated from the measured data, is only about
0.6 nm. As a comparison, the surface roughness of the commer-
cially available polished Si substrate is about 0.2 nm[°.,
Therefore, the surface-tension-induced surface reformation
process can achieve superb surface smoothness using the laser
reflow technique. As a result, this could potentially give rise to
very low optical scattering loss and enables high-Q-
factor WGMs.

The resonance spectrum and Q-factor of our silicon sphere-
like microcavities’” modes are characterized via an evanescent

3.8 nm

3 nm

2 nm

Fig. 3. AFM image of the fabricated silicon spherical microcavity.
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coupling method using an optical fiber taper®'!. Our experi-
mental setup is similar to that in Ref. [25]. A super-luminescent
emitted diode laser (China-Fiber, Model: OS-EB-D-
1250-1650-1-FC/APC) and an optical spectrum analyzer
(Yokogawa, Model: AQ6375B) are used to measure the trans-
mission spectrum from the fiber taper with a wavelength reso-
lution bandwidth of 0.05 nm and a wavelength sampling
resolution of 2 pm. The fiber taper formed by heating and
stretching a section of a commercial optical fiber (Corning,
SMEF-28) has a minimum waist diameter of approximately
1.5 um, providing an evanescent excitation of WGMs of the cav-
ity. To facilitate the coupling of light into the on-chip microcav-
ities with a fiber taper and ensure that the silicon spherical
microcavities are at the edge of the chip, we dice the wafer into
individual sample chips using the laser-dicing machine
(ML200PLUS, Tokyo Seimitsu Co., Ltd.). A dual CCD camera
observation configuration is used to image the microcavity
simultaneously and the fiber taper from the side and the top
to make sure the position of the fiber taper is near the equator
of the silicon sphere-like structure. Optical coupling to the
microcavity from the fiber taper is achieved and tuned by mov-
ing the on-chip microcavity fixed on an XYZ three-axis piezo
nano-positioning stage. The transmission spectrum for a silicon
sphere-like microcavity with a diameter of 14.37 pm is recorded
when the overall resonances are at their most distinct states.
Figure 4(a) shows a section for the wavelength range from
1515 to 1525 nm. The resonances of the WGMs of the silicon
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Fig. 4. (a) Transmission spectrum of the microcavity coupled with the fiber
taper from 1515 to 1525 nm; (b) the Lorentzian fit (solid red line) of the mea-
sured spectrum around the resonant wavelength at 1519.6 nm (solid black
line), showing a Q-factor of 3.5 x 10°.
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sphere-like microcavity are observed as the corresponding
Lorentzian dip families in the shown spectrum. The Q-factor
is defined as the ratio of the energy stored in the oscillating cavity
to the energy dissipated per cycle by damping processes>*,
which can be expressed by Q =1/A4, where 4 is the central
wavelength of a WGM, and A4 is its full width at half-maximum.
Due to the large effective index mismatch between the WGMs of
this silicon microcavity and the silica fiber taper, the resonance
mode is under coupled, and its strength is relatively weak.
Nevertheless, the measured loaded Q-factors for these WGMs
are still on the order of 10°. An individual WGM located at
1519.6 nm, as shown in Fig. 4(b), is chosen for further analysis.
By fitting the experimental data using a Lorentzian function (the
red curve)!**), the linewidth is found to be as small as 4.37 pm,
and thus the loaded Q-factor for the mode is calculated to be
3.5% 10°. Considering that this linewidth is comparable to
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