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Optical microcavities with strong light confinement are powerful tools for

significantly enhancing light-matter interactions. Currently, the actual Q factor
of a microcavity remains far below the theoretical limit, as specific factors
affecting losses inside microcavities are not yet fully quantified. Here, using
silica whispering-gallery-mode microrod cavities, we quantitatively identify
how radiation loss, scattering loss, and contaminant loss contribute to the
total loss, finding that after fine fabrication, contaminant loss is the major
factor limiting the total cavity Q. By employing two-step laser polishing and
heat treatment, we achieve a Q factor of up to 8.28 x 10°. Accordingly,

we demonstrate a fully stabilized soliton microcomb system using the
Q-enhanced microcavity, achieving phase noise suppression of over 45.2 dB
at the pump frequency and over 60.6 dB at the repetition frequency.

This work deepens the understanding of intracavity loss and may pave the
way for practically improving the performance of microcavity photonics.

Optical microcavities, which typically exhibit high-quality (Q) factors, are
capable of confining light fields in both spatial and temporal
dimensions'™. This property significantly enhances light-matter inter-
actions, making them a crucial platform for various applications ranging
from optical physics*® to integrated photonic devices”™ In a micro-
cavity, the Q factor is a crucial physical parameter. A higher Q factor
indicates an enhanced ability to extend photon lifetimes, increase
intracavity light field energy, and reduce nonlinear thresholds. As a
result, continuous efforts have been dedicated to refining micro-
fabrication processes across different material platforms to boost the Q
factor of microcavities and thereby enhance the performance
of microcavity-based photonic devices. Notable advancements in
increasing the Q factor have been achieved on platforms using
materials such as thermal silica® ", SizN4, SiC*®”, AIN*>?, LiNbO5?%,
and MgF,/CaF,***. These enhancements have enabled critical applica-
tions, including miniature optical frequency combs®?, high-coherence

lasers®*, high-speed optical communications**, LIDAR**, sensing® ™",

and optical gyroscopes* ™,

Fundamentally, the intrinsic Q factor (Qo), associated with all the
losses in an optical microcavity, determines the oscillating proper-
ties. The total losses within an optical microcavity include absorption
loss, radiation & scattering loss, and contaminant loss. To increase
the intrinsic Q factor, various strategies have been explored to
mitigate these losses. For example, radiation, scattering, and
absorption losses can be reduced by increasing the size of a
microresonator®, smoothing the interfaces***, and selecting
appropriate cavity materials*®. However, limited research has been
conducted to quantitatively analyze the specific loss factors
that individually impact the Qo factor of a microcavity; this is a key
reason that it is hard for scientists to bridge the gap between
actual and theoretical Qo values. For example, due to its high pre-
paration convenience, structural flexibility, low cost, and system
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Fig. 1| Losses in a microresonator and typical intrinsic Q factors. a lllustration
of the losses in a microcavity, including radiation & scattering loss, material
absorption loss and contaminant loss. b Images of our fused silica microrod cavity,
embedded within the 3-mm-diameter fiber preform. Here we also show the

Architectures (silica)

scanning electron microscope (SEM) images of microrod resonator.
¢ Theoretical and measured Q of state-of-the-art microcavities in diverse
material platform. d Measured Qo of different silica microcavities.

compatibility, silica whispering-gallery-mode (WGM) microcavity is
one of the most widely used architectures®>'***=2, However, com-
pared to a standard silica fiber (total loss at the level of 10*dB/m),
the current loss of a WGM microcavity is on the order of 10 dB/m,
and this results in its Qo typically being lower than 10°", which is
far from reaching the theoretical limit of around 10%. A major reason
for this fact is the challenges in quantitative characterization and
effective suppression of the contaminant loss in a silica WGM
microcavity.

In this study, we comprehensively examine the impact of specific
loss factors on the Qo of a microcavity and present a method to
enhance the intrinsic Q factor of a silica micro-rod to 8.28 x 10°,
approaching the theoretical limit. By separately characterizing losses
induced by radiation, scattering, and material absorption, we accu-
rately determine the value of contaminant loss, which was hard to
measure directly. We identify that contaminant loss predominantly
hinders the increase of the Qo factor in a high-quality silica WGM
microcavity, both in theory and in experiment. This demonstrates that
effectively removing surface contamination is a prerequisite for
achieving an impressive Qg factor. In a standard silica microrod cavity,
we quantitatively demonstrate that losses due to radiation/scattering,
absorption, and contaminants are 2.41 x 1078, 7.94 x 107", and 8.68 x
107°, respectively. Then, we develop a laser-smoothing technique to
suppress radiation/scattering losses and devise a method to remove
contaminants. After these optimizations, the radiation/scattering loss
and contaminant loss in our microcavity are reduced to 4.5 x 1072 and
3.67 x10™, leading to a world-class Q of 8.28 x 10°. Moreover, utilizing
this high-Q microcavity as a frequency reference, we demonstrate its
unique capability to fully stabilize a soliton microcomb in a practically
compact size. Our results showcase a phase noise suppression of more

than 45.2dB for the pump laser and over 60.6dB for the repeti-
tion rate.

Results

Figure 1a illustrates the conceptual architecture of a microcavity and
highlights the sources of intracavity losses. Typically, there are 3 types
of losses in a silica microcavity that determine the Qo:

@

-1 _ -1 —1 —1
QO - Qrad&sca + Qabs + Qcont

Here, 1/Qraqssca represents scattering losses due to intrinsic
radiation and residual surface inhomogeneities, 1/Q,»s accounts for
absorption loss related to the material, and 1/Qcone corresponds to
contaminant loss caused by surface contaminants. Previous studies
have focused extensively on 1/Qaqssca and 1/Qaps. However, in the
context of whispering-gallery mode (WGM) microresonators, 1/Qcon¢ is
crucial but has not received adequate attention, as it is hard to measure
directly. In this study, to quantify all these losses in a WGM micro-
cavity, we first prepare a silica microrod resonator, as the platform for
experimental test (Fig. 1b). Using a laser-machining process*’****, we
create a rotationally symmetric protrusion around the fused silica fiber
preform (see Supplementary Note S2.1). The diameter of the microrod
cavity is 3.0 mm, corresponding to a free spectral range (FSR) of
22 GHz. We also present its scanning electron microscope (SEM) image
in this figure.

In Fig. 1c, we review the intrinsic Q factors of advanced microcavity
material platforms®*>45 referencing the theoretical Qo factor lim-
itation (determined by absorption): Qups = (4343/a,)x(21n/Ao)*S. Here,
Qs represents the absorption loss, n is the refractive index of the
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Fig. 2 | Qualitative and quantitative identifications of the intracavity losses.
a Normalized transmission of different input power with the same scan speed
792 MHz/s, showcasing the absorption-based thermal broadening. b Linear fitting
of the triangle’s full width at half maximum (FWHM) as a function of input power
Pin, with a fitted slope dAf/dP;, of 7.01 MHz/mW. The vertical error bars give
standard deviations in repeated measurements. ¢ Measured Qaps in 10 individual
samples. d Atomic force microscope (AFM) image shows a root-mean-square

Sample number

(RMS) roughness of 11.2 nm, within a surface inhomogeneity coefficient (B) of
7.84 nm. e Calculated Qs,, here the red dot illustrates the experimental case.

f Measured Qs, of 10 individual samples. g Electrical field distribution of a WGM
microcavity, with diameter of 0.1 mm and a 1 nm thick water layer. h Calculated
Qcont Versus thickness of water layer, in microcavities with diverse diameters.

i Qcone Of 10 individual samples, which are achieved from the measured results

1/Qcont =1/Q0"1/Qabs/Qscal/Qrad-

material, and A is the optical wavelength. A detailed comparison with
references is provided in Supplementary Table S1. Additionally, while
fluorides may achieve higher theoretical Qq values, silica remains one of
the most promising material platforms for bridging the gap between
actual and theoretical Qg values. Moreover, silica microcavities offer
unique advantages, such as thermal stability, dimensional flexibility,
processing convenience, and low cost™®**-2 as highlighted in Sup-
plementary Table S2. In Fig. 1d, we present both the theoretical and
measured Qo values for various state-of-the-art silica microcavities. The
highest measured Q to date is found in microrods, reaching a value of
4.5 x 10°, which is still less than half of the theoretical maximum®.
Detailed data can be found in Supplementary Table S3.

First, in Fig. 2, we show how the various loss items are accurately
identified. Through cavity-enhanced photothermal spectroscopy*®,
the material-limited Q factor (Qaps) can be accurately quantified (see
details in Supplementary Note S1.2.1):

In this equation, n=Q/Q. is the coupling ratio, and k= kg + Key iS
the total decay rate, where K and k., represent the intrinsic resonator
decay rate and the coupling rate, respectively. wq is the resonant fre-
quency, Cy is the heat capacity of the microcavity, §f/6T is the resonant
thermal tuning coefficient, Af is the full width at half maximum
(FWHM) of resonance, and Py, is the launched optical power. By ana-
lyzing the electric field and temperature distribution of the funda-
mental mode of our microrod using COMSOL simulation, we
determined the heat capacity of our microcavity to be Co =90.43 K/W,
as calculated in ref. 58 (see Supplementary Note S1.2.2), and we show
more experimentally tested details about the Q,,s analysis in Supple-
mentary Note S3.3.

Keeping the scan speed at 792 MHz/s, the input power is then
adjusted using a variable optical attenuator (VOA), ranging from
59.2 uW to 81.8 uW. Figure 2a illustrates the changes in transmission
trace with power adjustments, showing that higher power results in a
larger FWHM. The relationship between FWHM and input power is
summarized in Fig. 2b. Through linear fitting, a proportional coeffi-

2 A
Qups = —q <gj; CO)/ de (2) cient dAf/dP;, of 7.01 MHz/mW is obtained. By combining experi-
n mental measurements with numerical simulations (detailed in
Nature Communications | (2025)16:8878 3
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Supplementary Note S1.2.2), all the parameters in Eq. (2) are deter-
mined, leading to a material-based loss a,,s=2.02 dB/km. The corre-
sponding material-limited 1/Q,ps is 7.94 x 107", Using this method, in
Fig. 2c, we demonstrate the measured Q. of 10 individual microcavity
samples. In average, the Q,s of a silica micro-rod cavity is on the level
of 1.3 x 10%. It is noted that in any microresonator, improving 1/Qaps
significantly is challenging, hence, Q,ps is often regarded as the theo-
retical maximum Q.

Then, we characterize the loss determined by the intracavity
radiation and scattering. Here, for a silica microcavity with a diameter
of up to 3.0 mm, the scattering loss is dominant. Typically, the scat-
tering limited Q factor can be estimated as follow’:

A(Z)D 3)

Here, Ay denotes the resonant wavelength, D is the diameter, o is
the root-mean-square (RMS) roughness, and B is the correlation length
of surface inhomogeneities. To reduce the surface roughness of the
microcavity, we optimize the fabrication process. Figure 2d showcases
the image measured by using atomic force microscopy (AFM). We
obtain that the root-mean-square (RMS) roughness of the micro-
resonator is 11.2nm, with a correlation length of surface inhomo-
geneities B=7.84 nm. As D of the microcavity is 3 mm, one can get that
1/Qscais 2.69 x 107°. According to Eq. (3), we calculate the Qs in Fig. 2e.
In principle, by increasing microcavity diameter (D) from 1 mm to
4 mm, while decreasing the RMS roughness from 15 nm to 0.5 nm, Qc,
can be boosted from 6.9 x 107 to 2.5 x 10", In Fig. 2f, we show the
measured Qsc, of 10 individual microcavity samples. Without further
polishing, the Q.. of a silica micro-rod (D=3 mm) is in a range
between 3.5 x 10% and 4 x 10%. Therefore, we note that in the common
case, radiation and scattering loss is the main factor limiting the final Q.

Referring Eq. (1), now we can accurately obtain the number of
Qcone- In silica microcavities, typical contaminants include surface
water layer®® and other particulates. As illustrated in Fig. 2g, we
developed a microcavity model with a water layer. The overlap areas of
the mode field with the water layer can be defined as:

r: f |Ewater(x:J/rZ)|2dV

“4)
f ‘Etotal(xryﬁzﬂzdv

Meanwhile, we define the effective loss a.¢ as the product of
overlap area and water absorption 10ss as tefr = [Ayater- HEre ayater is
the absorption coefficient of water. The contaminant-limited Q factor
(Qcony) can be expressed as:

Q. = 2MNogr
cont —
Aagse

(©)

Figure 2h presents the simulation results, showing that the
microcavity diameter varies from 0.1 mm to 3.0 mm, while the water
layer thickness ranges from 0.1 nm to 10 nm. It is observed that the Qo
factor decreases exponentially with increasing water layer thickness.
For the microcavity with a diameter of 3 mm discussed in this study
and a water layer thickness of 1 nm, the Q.on¢ factor decreases from 10°
level to 10° level. This finding indicates that even a slight reduction in
the water layer’s thickness results in a significant enhancement for Q
factor, underscoring the primary inhibitory effect of contaminant loss
on this parameter (see details in Supplementary Note S1.4). Finally,
referring Eq. (1), meanwhile using the measured Qaps and Qs., data, we
show the estimated Q.on; Of the 10 microcavity samples in Fig. 2i.
Typically, Qconc Of a silica micro-rod is on 10%-10° level, and there is a
significant variance in the distribution.

Based on a detailed analysis of the composition and specific lim-
itations of intracavity losses, now we can begin comprehensive

optimization efforts to enhance the intrinsic Q factor. First, we raise a
method to polish the surface of the microrod. Figure 3a shows the SEM
images during the process of polishing the surface of the microrod. In
the left panel, we show the surface of the microrod before polishing,
which exhibits obvious defects and non-uniformities. Utilizing a rough
polishing process based on a carbon dioxide laser, the surface of the
rod becomes smoother. However, due to the dust generated after the
laser curing of silica, the tip area of the microcavity becomes covered
with a large number of silica micro-nano particles, as shown in the
middle panel. Then, we add a fine polishing process using a faster laser
rotation speed with lower power. This step melts the tip area of the
microcavity, achieving a very smooth surface, as shown in the right
panel. During the fabrication process described above, surface
roughness is also monitored using atomic force microscopy (AFM), as
shown in Fig. 3b. Following rough polishing, the RMS roughness
decreased from 11.2 nm to 0.73 nm. With subsequent fine polishing,
the RMS roughness was further reduced to 0.46 nm, indicating that
atomic-level smoothness has been achieved on the cavity surface.
More detailed measurements are shown in Supplementary Note S3.3.

After two-step polishing process, Qsc, approaches 2.2 x 10", As
shown in the left panel of Fig. 3c, measured intrinsic Q factor (Qo) in
this case reaches 1.05 x 10°. At this point, radiation and scattering
losses are much lower than absorption losses, while contaminant loss
becomes the dominant limitation. Specifically, assuming no
contamination-induced loss on the microcavity, the intrinsic Q factor
(Qo) should approach 1.2 x 10%. Then, to reduce contaminant loss
and improve the intrinsic Q factor, we heat the microcavity to eva-
porate the water layer and then fill it with nitrogen (N,) to seal it,
thereby isolating it from water vapor. After the heating process, the
water layer on the surface is temporarily eliminated. The middle
panel of Fig. 3¢ presents the evolution curve of the intrinsic Q factor
during this operation (see details in Supplementary Note S3.2).
During the heating and N, supply stages, the water vapor on the
microcavity surface is gradually evaporated and removed by the N,.
As the microcavity cools down while continuing to be exposed to N,,
re-adsorption of water vapor is prevented. Consequently, the
intrinsic Q factor stabilizes over 8 x 10°. In the right panel of Fig. 3c,
we demonstrate a standard case, where we obtain an intrinsic Q
factor 8.28 x 10°. When the N, supply is stopped, the presence of
hydroxyl groups on the cavity surface causes a minor re-absorption
of water molecules from the atmosphere, leading to a slight decrease
in the Q factor. However, Qo remains stable at about 7x10°. At this
point, the microcavity can be encapsulated in an airtight device
(Fig. 3d) for subsequent out-of-laboratory applications.

Figures 3e and 3f illustrate the results of repeated tests on the Qg
improvement and the loss components from 10 samples. According to
Eq. (1) and the results from the loss analysis, the proportions of various
losses in the microcavity in its original state, after polishing, and after
heating are summarized in Fig. 3e. Here the data is averaged in 10
microcavity samples. Initially, in the original state, the proportions of
absorption loss, scattering & radiation loss, and contaminant loss are
0.3%, 96.2%, and 3.5%, respectively, with scattering being the major
limiting factor. After polishing, these proportions change to 8.3%,
0.5%, and 91.2%, respectively, with contaminant loss becoming the
most significant factor. Following heating, the proportions shift to
65.8% for absorption loss, 3.7% for scattering & radiation loss, and
30.5% for contaminant loss, making absorption loss the primary lim-
iting factor. As shown in Fig. 3f, in average, the polishing technique
increases the original Qo from 4.5 x 107 to 1.05 x 10°, and subsequent
heating further improves it to 8.28 x 10°, showing an enhancement of
more than two orders of magnitude. This progression is significant
evidence that the Q factor of our microcavity is approaching its the-
oretical limit, which is mainly determined by the material absorption.
This technical scheme offers excellent scalability. In Supplementary
Note S3.3, we also significantly improve the Qo of silica microsphere,
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Fig. 3 | Boosting the Qo via fine-polishing and heating. a Scanning electron
microscope (SEM) images of microcavity surface. b Atomic force microscope
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inhomogeneity coefficient of 7.84 nm, after the fine polishing process. c Left:
Ringdown curve of the microcavity after two-step polishing. Middle: The Q, evo-
lution during the heating, stable and recovery process. Right: Measured ringdown
curve after heating process, showing that the intrinsic Q factor of the microcavity
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could be finally increased to 8.28 x 10°. d Picture of the encapsulated device after
heating, microrod inside keeps its Qo higher than 7 x 10° level. e The proportions of
various losses in the original, polished, and heated microcavity, respectively. Error
bars: uncertainty in repeated measurements for 10 microcavity samples.
fImprovement of the intrinsic Q factor from the original state to the final state after
polishing and heating, here we record 10 microcavity samples.

silica microtoroid and MgF, cavities by implementing the two-stage
laser polishing & in-N, heating.

Discussion

In various applications, the realization of an ultrahigh-Q micro-
cavity is of significant importance. For instance, a high-Q micro-
cavity can be utilized to stabilize optical laser sources, such as
frequency combs, for frequency synchronization*®.. In this work,
we demonstrate an example where we use this packaged high-Q
microrod to fully stabilize a Kerr soliton microcomb on-chip.
Achieving full stabilization of a microcomb within a compact size is

challenging due to the difficulty in finding a miniature ultrastable
optical frequency reference. However, with our microrod achieving
a Qo level of 8x10°, it presents a promising candidate as an optical
reference for comb locking.

Utilizing this device, we developed a stabilization scheme that
locks both the pump frequency and the repetition rate for a dis-
sipative Kerr soliton microcomb with a 100 GHz repetition rate, such
a high repetition rate is usually hard to measure directly. Our setup is
illustrated in Fig. 4a, and its schematic operation is displayed in
Fig. 4b. In the two-point locking process for soliton stabilization, we
employ two resonances of the microrod: one is used to lock the
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feedback module based on the microrod (orange), the other one is the soliton Kerr
microcomb generator. b Full stabilization operation of the soliton microcomb,
using the ultra-high Q microcavity. ¢ Optical spectrum of the fully stabilized soliton
microcomb, here we mark two peaks: the auxiliary laser, and the pump laser.

d Scheme for measuring the noise of the pump laser (left) and for measuring the
noise of repetition rate (right). e Spectrum of the beat note #1, before (blue curve)
and after (red curve) stabilization. f Long-term stability of the beat note #1.

g Spectrum of the beat note #2, before (blue curve) and after (red curve) stabili-
zation. h Long-term stability of the beat note #2.

pump frequency at a wavelength of 1549.708 nm, while the other
locks a frequency comb line at approximately 1529.864 nm. Specifi-
cally, loaded Q factor of the microrod device is about 4 billion under
near-critical coupling conditions, suggesting a sensitivity to

frequency drifting 4.13 x 10~°/Hz. We engage a single-frequency laser
(pump, 1549.708 nm) to excite the soliton comb on-chip and another
single-frequency laser (reference, 1529.864 nm) to lock the comb line
via heterodyne detection. The steps for locking the feedback of the
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pump and reference lasers are as follows: First, the pump laser (NKT-
E15@1550 nm) and the reference laser (NKT-E15@1530 nm) are each
directed through an acousto-optic modulator, then split into two
paths using a 90:10 coupler. Second, 10% of the modulated pump
laser and reference laser is utilized for servo locking. Third, the
Pound-Drever-Hall (PDH) technique is applied to stabilize the output
light from the acousto-optic modulator (AOM) at the resonance peak
of the microrod cavity, with the feedback signal being applied to the
modulation frequency of the AOMs. This process ensures stabiliza-
tion of both the pump and reference laser frequencies.

Then, we lock the comb line around 1529.864 nm to the stabi-
lized reference laser via optoelectronic heterodyne, where feedback
is applied to an auxiliary laser for controlling the microring’s cavity
length, which determines the repetition rate. The steps for locking
the repetition rate are as follows: First, the remaining 90% of the
modulated reference laser and the output soliton microcomb are
simultaneously input into the photodetector, where the reference
laser beats with the comb tooth that has the closest frequency.
Second, the resulting beat signal is mixed with a microwave refer-
ence to produce an error signal. Finally, this error signal is fed into
the servo, and the feedback signal is applied to the output power of
the auxiliary laser to achieve stabilization of the repetition rate. More
information on the experimental design can be found in Supple-
mentary Note S3.3. In Fig. 4c, we present the spectrum of our fully
stabilized soliton microcomb, marking the positions of the pump
laser and auxiliary laser.

As shown in Fig. 4d, our experimental setup involves two key
tests: 1) To accurately characterize the noise suppression effect on
the pump frequency, a fully stabilized fiber laser frequency comb
instrument (Menlo System FC 1500-ULNova-ORS) is employed as
the calibrator; 2) To evaluate the noise suppression effect on the
repetition rate, we modulate the microcomb lines and measure
the down-converted signal. Here, beat note #1 reflects the uncer-
tainty of the pump frequency, while beat note #2 indicates the
uncertainty of the repetition rate. In Fig. 4e, we display the mea-
sured spectrum of beat note #1, both before and after stabilization.
In free-running operation, beat note #1 exhibits an instantaneous
10 dB bandwidth of 13 kHz. After stabilization, this bandwidth is
reduced to 400 Hz. Figure 4f illustrates the long-term stability of
the pump frequency. Before stabilization, the pump frequency
experiences drifts approaching 5 MHz over a period of 360 seconds.
Once stabilized, it remains nearly constant at O MHz. Figure 4g
presents the measured spectrum of beat note #2, both before and
after stabilization. With stabilization, the instantaneous 10 dB
bandwidth is significantly reduced from 40kHz to 600 Hz. Fig-
ure 4h depicts the long-term stability of the repetition rate. Prior to
stabilization, the repetition rate drift is +30 kHz over 360 seconds,
whereas post-stabilization, its uncertainty is reduced to less than
+3 kHz over the same period.

In Fig. 5, we discuss the stabilization performance. In Fig. 5a, the
single sideband phase noise (SSB-PN) of the pump laser is presented.
In free-running state, the SSB-PN is 68.8 dBc/Hz at a 1 Hz offset, while
reaching —90 dBc/Hz at a1 MHz offset. When stabilized by our micro-
rod high-Q cavity, the SSB-PN reduces to 23.6 dBc/Hz at a 1 Hz offset,
demonstrating a maximum phase noise suppression of 45.2dB for
the pump laser. In Fig. 5b, using the micro-rod as a reference, we
achieve an SSB-PN of the repetition rate of 16.1 dBc/Hz at a 1Hz
frequency offset, demonstrating phase noise suppression exceeding
60.6 dB for the repetition rate. In comparison, other microcavities,
such as a fiber F-P microcavity (Q=1.4 x 10®) and an on-chip silicon
nitride micro-ring (Q = 5 x 10%), do not demonstrate such a significant
noise suppression effect. In both of these figures, the green line
indicates the thermal noise floor (-90 dBc/Hz).

In Fig. 5¢c and d, we present the measured Allan deviations. In a
free-running state, the Allan deviation of the pump laser increases
from 7 x 10™ to 5.6 x 107 as the gating time extends from 100 ps to
100 s. Meanwhile, the Allan deviation of the repetition rate remains
above 5.4 x 10™. Notably, the Meno System exhibits the best long-
term stability; however, it is large and costly. Utilizing our micro-rod
cavity as the reference, for the stabilized soliton microcomb, the
minimum Allan deviation of the pump laser and the repetition rate
reach 1.2 x 10™ and 2.2 x 1075, respectively. This performance sur-
passes that achieved with a fiber F-P microcavity (Q =1.4 x 10%) or an
on-chip micro-ring (Q=5 x 10°), demonstrating that a microcavity
with a higher Q factor holds greater potential for microcomb sta-
bilization. Finally, in Figs. 5e-f, we summarize the instantaneous
linewidths of the pump laser and the minimum one-second uncer-
tainties for the comb lines. The instantaneous linewidth of the
micro-rod stabilized pump laser reaches 1.5 Hz, which is comparable
to the scheme using the Menlo System (0.9 Hz) and significantly
smaller than other strategies. Meanwhile, the one-second uncer-
tainty in the micro-rod stabilization is less than 1.6 x 107, high-
lighting its superiority over locking schemes employing other
microcavities with lower Q factors. Related discussion can be found
in Supplementary Note S3.3.

In this article, we present a method for quantitatively analyzing
and optimizing the intracavity quality factor, applying it experi-
mentally to a silica micro-rod whispering-gallery-mode cavity. We
systematically characterize intracavity losses from material
absorption, radiation/scattering, and contaminants, and identify
contaminant loss as a critical barrier to improving the intrinsic
Q factor toward to the theoretical limit. By implementing laser-
smoothing techniques, we reduce radiation/scattering loss from
2.41 x 10 to 4.5 x 102, and using the in-N, heating strategy, we
decrease contaminant loss from 8.68 x 10™ to 3.68 x 10™. Conse-
quently, we enhance the intrinsic Q factor of the microcavity from
4 x 107 to 8.28 x 10°. This ultra-high Q achievement positions the
cavity as an excellent candidate for optical stabilization. Using the
Q-enhanced microrod as a reference, we achieve a fully stabilized
soliton Kerr microcomb. Experimentally, we demonstrate phase
noise suppression exceeding 45.2 dB for the pump laser and over
60.6 dB for the repetition rate. This work fundamentally elucidates
the detailed loss components in a silica microcavity, provides a
practical approach to achieving microresonators with exceptionally
high Q, and highlights their potential as practical devices. Our
results and discussions not only deepen the understanding of
optical loss but also offer inspiration for microcavity-based
applications.

Methods

Measurement of Q factors

A tunable narrow linewidth laser at 1550 nm is coupled into the
microcavity via a tapered fiber. The typical diameter of the tapered
fiber is ~2 um, and it is attached to the microcavity surface for stable
and efficient coupling (coupling efficiency as high as ~96%). The fre-
quency of the laser is scanned at a speed of 1 nm/s and calibrated by a
Mach-Zehnder interferometer (MZI). The transmission spectrum is
analyzed using a ringdown fitting model®* (see details in Supplemen-
tary Note S1 & S3).

Fabrication process of silica microrod cavity

The silica microrod cavity is fabricated in a fiber preform via
laser machining technology. Firstly, a fused silica rod with a
length of 45cm is fixed on the rotating shaft via the clamp.
Subsequently, the rotating fiber preform is processed by the focused
laser controlled by the automatic program. Finally, the silica rod is
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demonstrate the results using varied stabilization schemes. e Instantaneous line-
widths. f Minimum uncertainties in 1 second. Here, performances of diverse sta-
bilization strategies are compared.

annealed to reduce the surface roughness and control the edge curva-
ture of the microrod cavity (see details in Supplementary Note S2).

Packaging process of silica microrod cavity

The microrod cavity is securely housed within a custom-built aluminum
enclosure, consisting of an inner and outer box connected with screws.
The position of the tapered fiber is finely tuned via a precision three-
dimensional nanopositioning platform to ensure optimal coupling.
Once the optimal coupling position is achieved, a low-loss ultraviolet
(UV) adhesive is applied to fix the microrod and tapered fiber. For
temperature regulation, a 10 kQ thermistor is placed within the enclo-
sure, with a thermoelectric cooler (TEC) situated between the inner and
outer boxes. In addition, a thermal tape is applied to the TEC to expedite
heat transfer. Finally, the TEC is connected to the temperature controller
via the lead and switchboard, and a PID controller is used to precisely
control the temperature of the microrod cavity (see details in Supple-
mentary Note S2).

Fully stabilized soliton microcomb

For a high repetition rate microcomb, the frequency of each comb line
can be expressed as f,=f,, + nfrep, Where f;, represents the frequency of
the comb line corresponding to the mode number n, f, represents the
frequency of the pump laser, and frep represents the repetition rate.
Therefore, if the frequency of the pump laser and nth comb line can be
stabilized at the same time, the entire optical frequency comb tooth
can be locked. Based on this principle, a fully stabilized soliton
microcomb is realized by referencing the pump laser and the n-th
comb line to the ultrahigh Q microrod (see details in Supplementary
Note S3).

Data availability

The data that support the plots within this paper are provided in the
Supplementary Information/Source Data file. All raw data generated
during the current study are available from the corresponding author
upon request. Source data are provided with this paper.
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