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On-chip high-Q microcavities possess significant potential in terms of integration of optical microresonators into
functional optoelectronic devices that could be used in various applications, including biosensors, photonic-
integrated circuits, or quantum optics experiments. Yet, despite the convenience of fabricating wafer-scale
integrated microresonators with moderate Q values using standard microfabrication techniques, surface-
tension-induced microcavities (STIMs), which have atomic-level surface roughness enabling the observation of
Q values larger than 106, could only be produced using individual thermal treatment of every single microresonator
within the devised area. Here, we demonstrate a facile method for large-scale fabrication of silica STIMs of various
morphologies. Q values exceeding 106 are readily obtained using this technique. This study represents a significant
advancement toward fabrication of wafer-scale optoelectronic circuitries. © 2017 Optical Society of America

OCIS codes: (220.0220) Optical design and fabrication; (140.4780) Optical resonators; (140.3945) Microcavities.
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1. INTRODUCTION

Surface-tension-induced microcavities (STIMs) are optical
microresonators with substantially diminished surface rough-
ness values, produced by the virtue of thermodynamics com-
pelling materials to have the minimum surface energy possible
at their molten states [1]. This type of whispering gallery mode
(WGM) microresonators, where light travels in the vicinity of
their circumference, have an enhanced capacity for storage of
optical power compared with their microfabricated counter-
parts because optical loss due to surface scattering is thus elim-
inated [2]. As the figure of merit related to light storage capacity
of a microresonator is the quality factor (Q), these microreso-
nators are referred to as possessing high and ultrahigh Q . At the
visible and near-infrared wavelengths, silica microresonators
could have Q values exceeding 109 [1]. The most straightfor-
ward method for STIM fabrication is melting the tip of a silica
optical fiber using a CO2 laser [3], while STIM also could be
fabricated on-chip by reflowing microdisks [4] in a similar fash-
ion. Diversified applications of STIMs span from optical bio-
sensing [5] to quantum electrodynamics (QED) [6] and also
macroscale quantum mechanical observations [7].

While proof-of-principle examples of STIMs have success-
fully and impressively been demonstrated in well-defined lab-
oratory conditions, their anticipated large-scale applications
failed to emerge, coincident with the stagnation in the evolu-
tion of their fabrication. One serious and significant bottleneck

related to STIMs is their low-throughput fabrication, relying
on one-by-one reflow of each microstructure. There are some
exceptions such as 2D arrays of chalcogenide microspheres [8]
or extremely high-temperature fabrication of wafer-scale all-
silica microresonators [9], while affordable wafer-scale produc-
tion of on-chip STIMs has currently not been demonstrated.
Fabrication of STIMs, particularly of silica, in a wafer-scale
fashion represents a grave challenge related to materials science.

Here, we demonstrate a novel technique enabling large-scale
fabrication of STIMs of various geometries. This facile yet
effective method depends on raster scanning of silica microre-
sonators, such as microdisks, to obtain wafer-scale arrays of
STIMs, using a CO2 laser engraver, as schematically demon-
strated in Fig. 1. Laser engravers are devices used for laser mark-
ing or for cutting predefined shapes out of substrates, which
could be plastic, metal, or composite material. The high-energy
laser is focused onto the substrate, and either the laser head or
the stage is moved to obtain the desired mark or cut shape. This
study, to the best of our knowledge, is the first utilization of
laser engravers in microresonator fabrication.

2. RESULTS AND DISCUSSION

A. Instrumentation
A CO2 laser is utilized for reflow of on-chip silica microreso-
nators because the absorption of silica at the wavelength of a
CO2 laser is high, while it is comparably lower in the silicon
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pillar that the resonator stands on. Thus, while the silica part
melts after it is exposed to the laser, the silicon pillar acts as a
heat sink, controlling the melting process toward formation of a
toroidal morphology [10]. Here, the most critical parameter is
the temperature of reflow, which depends on the laser power
density. Inadequate heating causes partial reflow, while exces-
sive temperatures cause the microresonator to be distorted
[11]. The amount of optimum laser energy density is deter-
mined mainly by the thickness of the silica layer because the
amount of energy absorbed is proportional to the length of
the path traveled by the electromagnetic radiation, in
accordance with the Beer–Lambert law [12].

For the fabrication of on-chip STIMs, particularly microt-
oroids, a laser is focused on the microdisk structure, and laser
energy is applied. This is performed for each microresonator
separately. Therefore, a fabrication process utilizing all advan-
tages of batch production, including photolithography, wet
etch, and dry etch, transforms into a tedious task at its final
step. Automatization of this step becomes possible using a laser
engraver, which would considerably facilitate STIM fabrica-
tion. The control over parameters such as focus, laser power,
and speed is adequate to obtain desired optical power suitable
for reflow of microresonators of various morphologies in a
controlled manner.

STIM arrays were microfabricated similar to a previous work
[13], except the CO2 laser reflow. Silicon wafers with 2.5 μm
thermal oxide were patterned with photolithography; then the
excess silica was removed with buffered HF (BOE) solution.
After removal of the photoresist using acetone and isopropanol,
the silicon wafer below the silica mask was etched using SF6
plasma inside an inductively coupled plasma device, forming
silica microdisks on silicon pillars, as demonstrated in Fig. 1(a).

Reflow was performed with a CO2 laser engraver (Zing
Laser) using its raster scanning mode. Power was adjusted at

12% (total power � 30 W), while the speed was 2%, corre-
sponding to a scanning speed of 15 mm/s. The resolution
was assigned as 1000 DPI to obtain a more uniform reflow.
These parameters are not strict because different parameter
setting combinations could be applied by altering the focus
and power level and reducing the resolution of the scan, which
also would affect the amount of interaction of laser and micro-
resonators. The raster scan was done using a rectangular pattern
generated in AutoCAD software. The wafer was placed 4 mm
out of focus, closer to the laser head, to increase the tunability
of optical power, because the power adjustment could only be
made in discrete steps.

To observe the optical characteristics of the laser and deci-
pher the effect of performing reflow at out-of-focus configura-
tion, lines were engraved on a Plexiglas substrate by varying the
distance according to the focus using the laser engraver.
Figure 2 gives the variation of beam diameter with respect

Fig. 1. Array of microdisk (or any arbitrary shape) microresonators
produced by microfabrication (a) is completely reflowed to produce
high-Q STIMs (b) using raster scanning with a CO2 laser engraver.
This process is suitable to be performed on a wafer scale, once the
optimum parameters of focus, laser power, scanning speed, and
scanning resolution are determined.

Fig. 2. Investigation of the CO2 laser beam shape, and the effect of
distance on power density for reflow. (a) Lines are engraved onto a
Plexiglas substrate by varying the distance from the focus. The line
thickness was considered as the beam radius. The beam shape varies
with the distance from the focus in a Gaussian shape, as expected. The
beam waist and other Gaussian parameters are calculated. The distance
of reflow is indicated with the dashed line. The laser engraver is shown
in the inset. (b) The graph of power density, decreasing with the in-
verse of the square of the spot radius. Here, the wafer is placed 4 mm
out of focus of the laser, as indicated by the dashed line. Using out-of-
focus configuration also enables more precise tuning of the laser optical
power because the tuning could be done in discrete steps in the device
used in this study.
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to the distance from the focus as well as normalized power den-
sity, deduced from the relation that the power density is altered
with the inverse square of the size of the spot. The beam waist
was measured as 140 μm, which corresponds to a Rayleigh
range of approximately 6 mm and beam divergence of 24 mrad
at 10.6 μm laser wavelength. The beam waist value corresponds
to a power density of 58.5 MWm−2 at 12% power at focus.
When the substrate is 4 mm out of focus, the power density
reduces to 26.3 MWm−2, which is still on the same order with
the previous reports related to microtoroid fabrication [4].
Here, it could be directly observed that there is an optimum
range of reflow, where lower optical power lead to an incom-
plete reflow, while higher power densities impair the final
microtoroid morphology.

B. Characterization
There is significant superiority in using raster scanning instead
of individual reflow related to the throughput in the fabrica-
tion. Arrays of tens of thousands of STIMs could be produced
in parallel within extremely short time spans such as a few
hours, provided that the exposure parameters are adjusted.
Figure 3 shows SEM images of microresonators produced by
this technique. It is virtually impossible to obtain similar results
using conventional CO2 laser reflow. Also, there are no size
or planar geometry constraints with this method. Different
geometrical shapes of microresonators could be reflowed,
independent of their quantity.

Because the most significant figure of merit related to the
optical microresonators is the Q value, which represents the
ability of a microresonator to store optical energy compared
with the loss caused by various factors, including absorption,
adsorption, and coupling losses, we measured the Q of the
microtoroidal microresonators produced by raster scanning.
For this purpose, a rod-shaped wafer (2 mm × 30 mm) con-
taining less dense microdisks was diced before the ICP etch.
A less dense configuration was preferred in terms of facilitating
fiber-based coupling. The other fabrication steps remained the
same. The raster-scanning reflow process was performed using
the same parameters, showing the convenience of the suggested
approach for sparse array of microcavities. The microtoroids
were optically coupled by using a tapered fiber produced by
pulling a stripped SMF28 fiber while heating with a hydrogen
torch. Light from a tunable external cavity laser (Santec) oper-
ating at around 1550 nm was swept within a wavelength range
(200 pm) with a sweep rate of 1 nm/s, while the intensity was
measured using a powermeter (Newport). The wavelength sig-
nal from the laser and the intensity signal from the powermeter
were collected by an oscilloscope via a custom-built computer
program. The polarization of the laser output was controlled
using a fiber polarization controller (Thorlabs) placed after
the laser output. The tapered fiber was coupled to the input
and output fibers using mechanical couplers.

The resonance dips in the spectrum after the optical cou-
pling were collected and analyzed, and an ex situ Lorentzian

Fig. 3. SEM images of various geometrical shapes of microresonators produced by raster scanning. We demonstrated fabrication of (a), (d) toroi-
dal, (b), (e), racetrack, and (c), (f ) elliptical microresonators; yet, other arbitrary shapes are also possible. These microresonators could be produced
on a wafer scale via this technique. The density of microresonators also could be arranged depending on the application. Here, a close-pack array is
designed.
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fit was performed using a custom-implemented MATLAB
script. The resonance dip of a single microtoroid and the
Lorentzian fit are given in Fig. 4.

As could be seen in the Fig. 4, the FWHM of the resonance
dip is approximately 0.5 pm. From the widely used relation
that estimates the quality factor

Q � λ

Δλ
; (1)

the Q value is calculated as approximately 3 × 106, which is
relevant to previous reports related to microtoroid fabrication
with one-by-one reflow [13]. The diameter of the microtoroid
measured was approximately 25 μm.

Wafer-scale arrays of silica STIMs could pave the way for
unprecedented large-scale applications of optical microresona-
tors. Large-scale fabrication of on-chip STIM arrays could be
readily used for production of giant optoelectronic circuits.
Here, the most serious problem is optical coupling to these
microstructures. The gap among these microresonators is
expected to increase after reflow, due to gathering of material
toward the center of each structure. This makes it impossible to
obtain optical coupling with a waveguide or another resonator.
Yet, this problem could be solved by use of recently proposed
alternative fabrication strategies, where reflow is performed to
vertical columns instead of horizontal [14]. This is a crucial
advantage that mainly could be attained using STIMs.
Ultrahigh-Q arrays of microdisks, for instance, produced by
careful wet etch [15], are also a similar type of wafer-scale array
of on-chip microresonators; yet, they do not possess this intrin-
sic potential of on-chip coupling because of material loss during
wet etch, unless consecutive deposition and patterning steps are
applied to fabricate a nearby waveguide, as shown in a very
recent work [16]. On the other hand, virtually infinite numbers
of optically coupled optoelectronic elements with extremely
high light storage and manipulation capacities could be
assembled using laser scanning reflow through a relatively more
robust course.

Demonstration of fabrication of arbitrary shapes is also
important. Nonsymmetrical shapes easily could be used for
different purposes such as directional coupling [17] and direc-
tional emission [18,19].

One emergent characteristic of raster scanning reflow is that
the exposure time, therefore exposure energy of each microre-
sonator, is dramatically small compared with a conventional
reflow setup. If there is enough energy, the reflow of silica disks
occurs in milliseconds; yet, in conventional systems, because
exposing the microtoroid to a CO2 laser for extended periods
does not affect the Q , due to the self-quenching nature of
reflow at convenient power levels [4], STIMs are generally sub-
jected to excessive laser illumination. On the other hand, the
total energy that each microresonator confronts is approxi-
mately 2 orders of magnitude lower in raster scanning.
While this is not a fundamental limitation, reflow using laser
engraver could thus be considered as more controlled than
one-by-one reflow. This outstanding advantage also could be
utilized for reflowing different materials that are susceptible to
thermal damage or for embedding moderately temperature-
resistant functional materials within STIMs, such as silicon
nanocrystals [20] and fluorescent nanodiamonds (FNDs) [21]
during reflow. Particularly FNDs, which are chemically stable
and could withstand temperatures as high as 600°C, could be
used to fabricate novel composite optical microresonators in
large scales. This characteristic of raster scanning reflow requires
further research.

The Q value reported here is 1–2 orders of magnitude lower
than most of the other reports related to microtoroidal resona-
tors [4,6]. One significant difference among this report and the
mentioned studies is that XeF2 vapor is used in these studies to
etch the silicon underneath silica, while SF6 plasma is used, due
to the unavailability of XeF2 in our clean room facility, to form
the microresonators described here. XeF2 is extremely selective
toward silicon, while the selectivity of SF6 is relatively low.
Thus, the etch process degrades its mask, particularly from
the wedges formed during isotropic silica etch with buffered
HF. The quality of the final microtoroid morphology, particu-
larly in terms of symmetry, depends mainly on the quality of
the microfabrication, i.e., perfect microdisks are required to
obtain perfect microresonators [4]. Yet, the Q values obtained
in this study could still be considered as high. The time span
between the reflow and Q measurement is also critical because
it is a well-known fact that water adsorbed on the microreso-
nator surface degrades the Q particularly at infrared wave-
lengths. The Q values are expected to increase if XeF2 etch
is performed, and Q is measured within a short time after
the reflow.

3. CONCLUSION

In conclusion, we demonstrate a significant technical advance-
ment, which could substantially improve the scientific research
and applications related to optical microresonators. Hitherto
on-chip STIMs could only be fabricated via one-by-one reflow
using a CO2 laser, which was a crucial deficiency, contradicting
the nature of batch processing. In this study, we successfully
substitute the laser with a laser engraver, providing fabrication
of wafer-scale high-Q microresonator arrays. Inherently suit-
able for all optical integration, this method could lead to various
photonic and optoelectronic applications such as multiplexed
biosensors with ultimate sensitivity, all optical integrated
circuitries, and other on-chip wafer-scale photonic devices.

Fig. 4 Resonance dip measured from a microtoroid fabricated using
CO2 laser raster scanning. The Q value is approximately 3 × 106. The
data are given with the dots, while the Lorentzian fit is shown with the
red line.
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Also, the extremely controlled nature of this method has
potential to enable production of silica-based composite micro-
resonators.
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