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Ultra-high-quality-factor (Q) resonators are a critical component for visible to near-infrared (NIR) applications,
including quantum sensing and computation, atomic timekeeping and navigation, precision metrology, micro-
wave photonics, and fiber optic sensing and communications. Implementing such resonators in an ultra-low-loss
CMOS foundry compatible photonic integration platform can enable the transitioning of critical components
from the lab- to the chip-scale, such as ultra-low-linewidth lasers, optical reference cavities, scanning spectros-
copy, and precision filtering. The optimal operation of these resonators must preserve the ultra-low losses and
simultaneously support the desired variations in coupling over a wide range of visible and NIR wavelengths as well
as provide tolerance to fabrication imperfections. We report a significant advancement in high-performance
integrated resonators based on a two-point-coupling design that achieves critical coupling simultaneously at
multiple wavelengths across wide wavebands and tuning of the coupling condition at any wavelength, from
under-, through critically, to over-coupled. We demonstrate critical coupling at 698 nm and 780 nm in one
visible-wavelength resonator and critical coupling over a wavelength range from 1550 nm to 1630 nm in a 340-
million intrinsic Q 10-meter-coil waveguide resonator. Using the 340-million intrinsic Q coil resonator, we dem-
onstrate laser stabilization that achieves six orders of magnitude reduction in the semiconductor laser frequency
noise. We also report that this design can be used as a characterization technique to measure the intrinsic wave-
guide losses from 1300 nm to 1650 nm, resolving hydrogen-related absorption peaks at 1380 nm and 1520 nm in
the resonator, giving insight to further reduce waveguide loss. The CMOS foundry compatibility of this resonator
design will provide a path towards scalable system-on-chip integration for high-performance precision experi-
ments and applications, improving reliability, and reducing size and cost. © 2024 Chinese Laser Press

https://doi.org/10.1364/PRJ.528398

1. INTRODUCTION

Ultra-high-quality (Q)-factor resonators are a critical technol-
ogy for generating spectrally pure light, providing optical fre-
quency references, and other functions that benefit a wide array
of precision scientific applications, including quantum sensing
and computing, coherent communications [1–3], precision
metrology [4], optical atomic clocks [5], and low-noise micro-
wave and millimeter-wave generation [6–8]. There have been
advancements in integrating these resonators fabricated in the
CMOS foundry compatible ultra-low-loss silicon nitride wave-
guide platform [9] with a significant reduction in propagation
loss and increased Q at the near-infrared (NIR) [10–13] and
visible wavelengths [14], as well as in realizing ultra-narrow-
linewidth high-power lasers [13,15–17] and integrated optical

stabilization cavities [18,19] for applications such as atomic,
optical, and molecular (AMO) experiments [20] and ultra-
low-phase-noise microwave and mmWave generation [7,8].
Enabling these resonators to be designed for optimal operation
in a wide range of wavelengths, across the visible to NIR, and
integration with other components at the wafer-scale will trans-
form precision table-top systems to chip-scale [21,22].

Waveguide propagation loss and resonator Q are critical for
the application performance and have made significant progress
[10,11,13,14]. However, other key considerations remain to be
addressed, including realizing the desired resonator coupling
regime, i.e., the degree of coupling: under-, over-, or critically
coupled [23]. Critical coupling is desirable when the resonance
is at its minimum and the extinction ratio is at its maximum
for stimulated Brillouin scattering lasers (SBLs) to achieve
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a low optical threshold, high Brillouin conversion efficiency,
high output power, and narrow fundamental linewidth
[16,17,24–26]. The ability to achieve critical coupling at a
particular wavelength is also important for narrow-linewidth
visible and NIR emission SBLs [27]. As shown in Fig. 1, laser
stabilization with waveguide resonators leverages long coil
waveguides to increase the mode volume to lower the thermo-
refractive noise (TRN) floor [19,28,29]. Meter-scale coil silicon
nitride waveguide resonators with Q greater than 100 million
are capable of narrowing the integral laser linewidth to 36 Hz
and stabilizing the carrier to an Allan deviation of 1.8 × 10−13 at
10 ms [19]. Such resonators require operation at the critical
coupling point at the desired stabilized laser wavelength to
maximize the signal-to-noise ratio (SNR) in the laser frequency
noise discrimination and noise suppression processes [Fig. 1(a)]
[30]. Over-coupled designs in self-injection locked lasers (SILs)
can increase the output power in the through port by reducing
the resonator power dissipation and suppressing unwanted
nonlinear parametric processes [Fig. 1(b)] [31,32]. Squeezed
light generation requires over-coupling in the squeezing mode,
whereas the pump modes are critically coupled [Fig. 1(c)]
[33,34]. Applications such as optical parametric oscillation
(OPO) processes benefit from critical coupling at two or more
wavelengths simultaneously [Fig. 1(d)] [35,36]. Other applica-
tions require resonators to be critically coupled at both funda-
mental and second harmonic wavelengths simultaneously
[37,38], or both transverse-electric (TE) and transverse-
magnetic (TM) modes [Fig. 1(e)] [39], where such a dual-
wavelength or dual-mode coupling design can be particularly
challenging [37]. Integrated large optical mode volume coil
resonators have been used to demonstrate laser frequency ref-
erencing for trapped ion qubit and clock operation applications
[20], and to generate record-low phase noise microwaves and
mmWave [7,8]. There is strong motivation to integrate these
ultra-high-Q resonators and provide laser and systems-on-chip
solutions. Additionally, integrated bus-coupled resonators,
particularly at shorter visible wavelengths, are susceptible to

fabrication imperfections and variations in the bus-to-resonator
coupling.

The coupling wavelength and coupling regime using bulk-
optic resonator designs have been addressed using whispering-
gallery-mode (WGM) resonators that employ a fiber taper with
a coupling strength tuned by adjusting the fiber taper position
to the resonator [24,25,40]. Integrated versions have utilized a
silicon nitride bus waveguide fabricated with an etched silica
WGM resonator to improve robustness, but without the
capability to tune the resonator coupling [25]. Post-processing
trimming in silicon photonics can correct the microring reso-
nant wavelength but produces relatively small changes in either
the bus-ring resonator coupling or resonance extinction ratio
[41,42]. In-situ resonator coupling tuning has been demon-
strated in silicon microring resonators using thermal gradient
tuning [43,44] and an unbalanced Mach–Zehnder interferom-
eter (MZI) two-point-coupler [45,46]. However, tunable res-
onator coupling has not been demonstrated in ultra-high-Q
waveguide resonators in the regime of ∼100 million and larger
[10,13,47]. Recently, virtual critical coupling and efficient
cavity energy loading in a silicon nitride ring resonator are dem-
onstrated by adding an exponentially growing pulse shape to
the continuous-wave (CW) pump laser [48]. However, direct
engineering of the resonator coupling is preferable and can be
suitable for a broader range of applications.

In this paper, we report a major advancement in ultra-
high-Q integrated silicon nitride waveguide resonators using
a thermally actuated tunable two-point-coupler design. We
demonstrate broadband tunable coupling while maintaining
an ultra-high Q in 10-meter-coil and 4-meter-coil resonators
at NIR wavelengths and in a ring resonator at visible wave-
lengths (698 nm and 780 nm). In the NIR coil resonators, this
approach enables broadband critical coupling from 1550 to
1630 nm in a 10-meter-coil resonator. Tunable two-point
coupling in the visible ring resonator enables critical coupling
or close to critical coupling for a TM resonance at 698 nm and
a TE resonance at 780 nm, while maintaining a 0.83 dB/m loss
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Fig. 1. Illustration of the working principles of two-point coupling for waveguide resonators shows the tunable bus-resonator coupling expressed
by κ2�ϕ� � 4κ20�1 − κ20�cos2�ϕ∕2�, and the tunable bus-resonator coupling rate expressed by γc � cκ2�ϕ�∕ngL. Panels (a) to (e) show two-point-
coupled ultra-high Q resonators for various applications, such as (a) critically-coupled ultra-high-Q reference resonators for PDH lock and laser
stabilization, (b) over-coupled resonators for increased feedback and output power in self-injection locked lasers, (c) squeezed light generation in
over-coupled resonators, (d) multi-wavelength coupling design for efficient OPO processes, and (e) dual-mode (TE-TM) coupling. TE, transverse
electric. TM, transverse magnetic. SIL, self-injection locked laser. PDH, Pound–Drever–Hall. OPO, optical parametric oscillation.
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at 698 nm and 1.20 dB/m loss at 780 nm. The two-point-
coupled 10-meter-coil resonator can tune its coupling and
be critically coupled from 1550 nm to 1630 nm while main-
taining ultra-high intrinsic Q and low waveguide loss. The
10-meter-coil resonator measures a 340-million intrinsic Q
at 1570 nm, demonstrating that the two-point-coupling design
does not create excess loss, allowing us to reach the regime
greater than 100-million intrinsic Q . Using the two-point-
coupled 10-meter-coil resonator as an optical reference, we sta-
bilize a laser at multiple critically coupled wavelengths from
1550 to 1630 nm, achieving a frequency noise reduction of
six orders of magnitude and an integral linewidth of 334 Hz
at all these wavelengths (1554 nm, 1585 nm, and 1600 nm).
We also demonstrate that this design can be used to character-
ize waveguide loss in a large wavelength window for a speci-
fic waveguide mode (fundamental TE mode). By tuning a
4-meter-coil resonator coupling to near zero, the waveguide in-
trinsic loss is measured from 1250 nm to 1650 nm, revealing
the O-H absorption peak at 1385 nm and N-H absorption
peak at 1520 nm with the minimum loss of 0.14 dB/m near
1580 nm, corresponding to a 185-million intrinsicQ . Based on
this waveguide loss spectrum measurement, we use secondary
ion mass spectroscopy (SIMS) to determine that hydrogen
impurities reside primarily in the silicon nitride layer with an
atomic concentration of ∼6 × 1019 atoms∕cm3, providing a
path to further loss reduction through improved fabrication
processes. The novelty of this work is the demonstrations of
employing the two-point-coupling approach, showing that it
can achieve excellent coupling versatility in photonic integrated
waveguide resonators to achieve different coupling regimes, and
proper coupling for drastically different wavelengths and wave-
guide modes such as TE and TM. These results can greatly
benefit a wide range of optical and quantum applications, such
as quantum computing and sensing, fiber sensing, optical
atomic clocks, precision metrology, and low-noise microwave
generation.

2. TWO-POINT-COUPLING DESIGN AND
RESULTS

A. Two-Point-Coupled NIR Coil Resonator
Tunable two-point coupling, which is an unbalanced MZI
as illustrated in Fig. 1, can achieve resonator coupling tuning
by changing the phase section (ϕ) between zero coupling and
its maximum coupling, κ2max � 4κ20�1 − κ20�, determined by its
single coupler coupling coefficient κ20 [45], and the tunable
two-point coupling can be expressed as κ2 � κ2max cos

2�ϕ∕2�
and the coupling rate for a bus-coupled waveguide resonator
can be expressed as γc � c log�1∕�1 − κ2��∕ngL, which is ap-
proximated to γc � cκ2∕ngL when κ2 ≪ 1 [49–51]. The maxi-
mum coupling κ2max needs to be sufficiently large to provide a
wide tuning range. In this work, we employ both probe laser
wavelength tuning and local temperature tuning using an on-
chip micro-metal heater to demonstrate coupling tunability.
In wavelength tuning, the tuning period is directly related to
the MZI delay (δL) and corresponds to the MZI free spectral
range (FSR), that is, δλ2π � λ2∕ngL. Similarly, for temperature
tuning, a longer MZI delay leads to a shorter temperature
tuning period.

In this work, we realized both a 10-meter-coil resonator and
a 4-meter-coil resonator with two-point-coupling designs that
enable the resonator to be critically coupled over a wide wave-
length range in the NIR. The 6-μm-wide by 80-nm-thick sil-
icon nitride waveguide design using the fundamental TE mode
(TE0) results in a small critical bending radius below 1 mm and
a small modal crosstalk and coupling between the TE0 and TE1

modes (see Appendix A for the bending loss and S-bend modal
crosstalk simulations) while maintaining an intrinsic wave-
guide loss below 0.1 dB/m at the C- and L-band wavelengths,
so that the 10-meter-coil resonator can have a small footprint
(∼1 square inch). For both the NIR 10-meter-coil and 4-meter-
coil resonator designs, the two-point coupler has a 0.28-mm-
long phase delay section that corresponds to δλ2π � 5.6 nm at
1550 nm and two identical directional couplers, while the di-
rectional coupler in the 10-meter-coil resonator has a 2.5-μm
gap and 1.4-mm coupling length and that in the 4-meter-coil
resonator has a 2.5-μm gap and 1.0 mm coupling length.
Both the 10-meter-coil and 4-meter-coil resonators are de-
signed in the fashion illustrated in Fig. 1(a). In the directional
coupler design, the first S-bend in the bus waveguide brings
the bus waveguide close to the resonator waveguide with the
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QL = 1.84×108 

Qin = 3.4×108
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1630 nm
(d)

(a)
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From 1559 nm to 1561 nm
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3.4×108(b)
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10 m

Fig. 2. Two-point-coupled 10-meter-coil resonator with 340-
million intrinsic Q . (a) The measured resonator linewidth from
1550 nm to 1630 nm shows resonator coupling tuning with respect
to wavelength with a tuning period of 5.6 nm, where critical coupling
can be found across the wavelength range from 1550 nm to 1630 nm.
The purple dashed line is a sinusoidal function fitted to the blue-
dot data points based on the tunable coupling model by κ2 �
4κ20�1 − κ20�cos2�ϕ∕2�, and the green dashed line is merely a trend line
interpolated from the green-dot data points. (b) The loaded and in-
trinsic Q of the critically coupled resonances show an intrinsic Q of
200 million at approximately 1550 nm and 340 million at 1630 nm.
Inset shows a picture of the 10-meter-coil resonator and a zoomed-in
view of the two-point coupler section. (c) The resonance gradually
changes from being under-coupled to critically coupled and over-
coupled from 1558.6 nm to 1561.3 nm corresponding to data points
labeled as (1)–(5). (d) The spectral scan of the critically coupled res-
onance at 1630 nm measures a loaded Q of 184 million and an in-
trinsic Q of 340 million, corresponding to a waveguide propagation
loss of 0.074 dB/m.
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2.5-μm gap followed by a straight waveguide coupling section
of either 1.0 mm or 1.4 mm, and the second S-bend takes
the bus waveguide to exit the coupling section, as illustrated
in Fig. 1(a). The bus waveguide in both the 10-meter-coil
and 4-meter-coil resonators is tapered to 1.5 μm wide to maxi-
mize the waveguide-to-fiber edge coupling efficiency (see
Appendix A for the edge coupling simulation). The 10-meter-
coil resonators have a larger optical mode volume and a lower
TRN limit in laser stabilization applications than the 4-meter-
coil ones [19,28,29], while the 4-meter-coil resonators have a
larger FSR of ∼50 MHz and this 50-MHz resonance spectral
separation avoids the modal overlapping between adjacent res-
onances and makes the measurements of resonator linewidth
and waveguide loss more reliable.

To characterize the tunable coupling and intrinsic resonator
loss of the 10-meter-coil resonator, a spectral scan using a tun-
able laser and a fiber MZI with a 5.87-MHz FSR resolves the
varying resonator linewidth and loaded Q as the resonator cou-
pling is tuned with respect to the wavelength [Fig. 2(a)]. The
two-point coupling is measured to have a maximum that is four
times the waveguide intrinsic loss with a tuning period of
∼5.6 nm around 1550 nm. From 1559 nm to 1561 nm, while
tuning the coupling from under- through critically to over-
coupled, the coil resonator can be critically coupled twice
within each tuning period. Therefore, the coil resonator is criti-
cally coupled approximately every ∼2.8 nm from 1550 nm to
1630 nm [Fig. 2(a)]. Figure 2(b) shows the measured loaded
and intrinsic Q of the critically coupled resonances from
1550 nm to 1630 nm, which measures 340-million intrinsic Q
and an equivalent waveguide loss of 0.074 dB/m at 1630 nm
[Fig. 2(d)]. To investigate whether the two-point coupling
design in this greater-than-100-million intrinsic Q regime
adds excess loss to the resonator [47], a single-point-coupled
10-meter-coil resonator is designed, fabricated, and tested,
with the design parameters except the coupling design identical
to those in the two-point-coupled 10-meter-coil resonator.
The measured waveguide loss and intrinsic Q in the single-
point-coupled and two-point-coupled coil resonators match
well (see Appendix B), indicating that the conventional two-
point coupling does not create excess loss. The critical coupling
wavelength range in the single-point-coupled coil resonator is
∼30 nm, ranging from 1580 nm to 1610 nm (see Appendix B),
which is consistent with other recent studies on ultra-high-Q sil-
icon nitride waveguide resonators [10,13]. In contrast, the two-
point coupling design achieves a critical coupling wavelength
range of up to 80 nm while maintaining the ultra-low propaga-
tion loss.

B. Two-Point-Coupled Visible Ring Resonator with
in-situ Thermal Tuning
Ultra-high-Q silicon nitride ring resonators at visible wave-
lengths have demonstrated narrow linewidth Brillouin lasers
[27] and laser stabilization for atomic spectroscopy applications
[52]. Because resonator critical coupling at specific wavelengths
for Sr or Rb atom experiments, such as 698 nm and 780 nm, is
needed, we need to employ an in-situ tuning approach, such as
thermal tuning, to tune the two-point coupling at one wave-
length. We designed an ultra-high-Q ring resonator for 698 nm
and 780 nm with a 3.79-mm radius and a 2.5-μm-wide by

40-nm-thick silicon nitride waveguide design that supports
both TE0 and TM0 modes at both 698 nm and 780 nm.
A two-point coupling with two identical point couplers with
a coupling gap of 2.2 μm, a 12.0-mm-long phase tuning
section, and 0.5-mm-long unbalanced differential length is
designed for the ring resonator, as shown by the insets in
Fig. 3(a). In the thermal tuning of one arm of the unbalanced
MZI of the two-point coupler, the absolute tuning arm length
L determines the thermal tuning strength, as expressed by
δϕ � 2πL

λ
∂n
∂T δT , while the unbalanced differential length ΔL

determines the phase tuning strength by changing the input
light wavelength, as expressed by δϕ � 2πngΔLδλ

λ2
. Therefore, it

is important to design a long MZI arm length for the two-point
coupler covered by the microheater to achieve stronger thermal
tuning. A 250-nm-thick, 80-μm-wide, and 8.15-mm-long Pt
metal heater is deposited on top of the two-point coupler wave-
guide covering half of the phase tuning section, resulting in an
effective 6.0-mm-long thermally tuned phase section, as shown
by the insets in Fig. 3(a), and the resistance of the metal heater
is calculated to be 43 Ω and measured to be 44 Ω. Therefore,
at 698 nm, the effective 6.0-mm-long phase tuning section re-
quires temperature tuning by the metal heater of ∼12 K to
cover a full 2π phase tuning, while the 0.5-mm differential

8.6 MHz
(1.20 dB/m)

780 nm, TE

Increasing
coupling

Under coupled

Over
coupled

(c) (d)

(b)(a)

6.0 MHz
(0.83 dB/m)

698 nm, TM

1 cm

Fig. 3. Tunable two-point-coupled visible resonator with in-situ
thermal tuning of two-point coupling. (a) Measurements of the
resonator intrinsic and coupling linewidths for the TM0 mode at
698 nm show that the thermal tuning of the two-point coupling tunes
the resonator coupling while the resonator intrinsic loss stays constant
and the waveguide loss is measured to be 0.83 dB/m, corresponding
to a 71-million intrinsic Q . Inset shows a picture of the visible-
wavelength ring resonator device on the testing stage with a zoomed-
in illustration of the thermally tuned two-point coupling section.
(b) Measured resonator intrinsic and coupling linewidths for the TE0

mode at 780 nm while thermally tuning the two-point coupling show
the two-point coupling tuning and a waveguide loss of 1.20 dB/m,
corresponding to a 44-million intrinsic Q . (c) When thermally in-
creasing the two-point coupling, the 698-nm TM resonance translates
from being under-coupled to critically coupled and over-coupled.
(d) Tuning the two-point coupling changes the 780-nm TE resonance
coupling from weak coupling to under-coupling.
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arm length requires the input laser wavelength tuning
of 0.65 nm.

By thermally heating the two-point coupling phase section,
the TM0 resonance at 689 nm experiences under-coupling,
critical coupling, and over-coupling, as the maximum coupling
is ∼10 times higher than the ring resonator intrinsic loss
[Figs. 3(a) and 3(c)]. The maximum coupling for the TE0

mode at 780 nm is much lower, as the TE0 mode is more con-
fined than the TE0 mode; thus, the resonator can be tuned
from being weakly coupled to under-coupled [Figs. 3(b) and
3(d)]. While the coupling is being thermally tuned, the reso-
nator intrinsic loss stays constant at around 0.83 dB/m at
698 nm and 1.20 dB/m at 780 nm [Figs. 4(b) and 4(d)].
For both 698 nm and 780 nm, the full tuning period in
the thermal heating power is measured to be ∼0.85 W, mean-
ing that 0.85 W heating power corresponds to the previously
estimated temperature change of 12 K and the thermal imped-
ance is inferred to be 14.1 K/W. The TM0 mode at 698 nm
and TE0 mode at 780 nm can be critically coupled or nearly
critically coupled, while the TE0 mode at 698 nm and TM0

mode at 780 nm are outside the coupling reach and their
resonances are not observed.

C. Laser Stabilization at Multiple Critically Coupled
Wavelengths
The ability to tune the resonator coupling to critical coupling
for an integrated bus-coupling waveguide reference maxi-
mizes the SNR of frequency noise discrimination and noise
suppression in the PDH lock [30]. The two-point-coupled
10-meter-coil resonator is critically coupled every ∼2.8 nm
while maintaining 200-million intrinsic Q from 1550 nm
to 1630 nm and is used to demonstrate laser stabilization.
A widely tunable laser (Velocity TLB-6700) is used to probe
the coil reference resonator and demonstrate the PDH lock at
multiple critically coupled wavelengths, 1554 nm, 1585 nm,
and 1600 nm, where the free-running and stabilized laser
frequency noise are measured with a 1.026-MHz FSR unbal-
anced fiber MZI [19,53]. The PDH lock bandwidth reaches
∼1 MHz and suppresses the laser frequency noise by six orders
of magnitude at 1-kHz offset and three orders of magnitude at
10 kHz, reducing the integral linewidth to 334 Hz from the

22-kHz free-running integral linewidth (Fig. 4). The laser
stabilization performances at three different wavelengths are
nearly identical, and the stabilized laser frequency noise reaches
the TRN from 1-kHz to 40-kHz offset, indicating sufficiently
large SNRs in frequency noise discrimination. The measured
334-Hz integral linewidth is limited by the fiber noise in the
unbalanced MZI used for measuring the laser frequency noise
and is expected to be much lower when measured using the
heterodyne beatnote technique with an ultra-stable laser [19].

D. Waveguide Loss Spectrum and Secondary
Ion Mass Spectroscopy
We demonstrate that by tuning the coupling to near zero over a
large wavelength range without adding excess loss to the reso-
nator, we can accurately measure the waveguide intrinsic loss
and Q over a wide wavelength range [46]. For this measure-
ment, we used a two-point-coupled 4-meter-coil resonator
while all design aspects are the same as the 10-meter-coil res-
onator except for a smaller S-bend radius of 1.1 mm. The wave-
guide loss is measured every ∼5.6 nm at the weakly coupled
resonances, which reaches near zero every ∼5.6 nm [Fig. 5(a)].
The measurement of the intrinsic linewidth and waveguide loss
using weakly coupled resonances compared to critically coupled
resonances is more robust and less sensitive to the resonance
extinction ratio degradation due to stray light or polarization
misalignment between the fiber mode and waveguide funda-
mental TE mode (see the uncertainty sensitivity analysis in
Appendix B). When such tuning on resonator coupling is not
available and the intrinsic linewidth measurement over a wide
wavelength range goes through different coupling regimes,
which is still the predominant approach for measuring ultra-
low waveguide losses reported in the literature [10,12,13],
eliminating the sources of resonance extinction degradation in
experiments is critical to the accuracy and reliability of the
resonator intrinsic linewidth and waveguide loss.

The waveguide loss spectrum shows two absorption loss
peaks near 1385 nm and 1520 nm, which are related to
O-H and N-H absorption, respectively [54,55]. Outside
the O-H and N-H absorption loss dominated wavelength re-
gions, the loss is primarily due to scattering loss, as the 1∕λ4
scattering loss model fits well with the loss spectrum outside the
absorption loss peaks [Fig. 4(a)]. A recent study of the broad-
band loss spectrum of a high-Q etched silica resonator shows
the O-H absorption peak of 0.15 dB/m at 1385 nm and es-
timates the O-H content level to be 2.4 ppm in silica [40].
Loss measurements on high-Q silicon nitride waveguide reso-
nators in the ultra-low-loss (below 1 dB/m) regime from
1460 nm to 1630 nm also show a N-H absorption peak near
1520 nm [13]. These combined results [Fig. 5(a)] indicate that
further reduction of hydrogen impurities will be critical even
in the state-of-the-art ultra-low-loss silicon nitride waveguide
fabrication processes [10,12,13]. The increased waveguide loss
in the 4-meter-coil resonator compared to the 10-meter-coil
one is likely due to a smaller S bend (see Appendix A).

To determine where the hydrogen impurity resides near
the silicon nitride waveguide layer, we use a 4-meter-coil res-
onator chip for a secondary ion mass spectroscopy (SIMS)
measurement to sample the hydrogen concentration at differ-
ent depths [Fig. 5(b)]. The bottom cladding oxide is a 15-μm

106

103

(b)

1 cm

(a)

Fig. 4. Laser stabilization and frequency noise reduction at multiple
wavelengths in the C and L bands using a two-point-coupled 10-meter-
coil resonator with a 340-million intrinsic Q . (a) Photograph of the
10-meter-coil resonator. (b) At 1554 nm, 1585 nm, and 1600 nm,
the 10-meter-coil resonator is critically coupled and used for laser sta-
bilization, which shows frequency reduction of six orders of magnitude
at 1 kHz offset and three orders of magnitude at 10 kHz offset.
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thermally grown oxide. An 80-nm silicon nitride layer is depos-
ited by low-pressure chemical vapor deposition (LPCVD).
The 6-μm silicon dioxide upper cladding is deposited by
plasma-enhanced chemical vapor deposition with tetraethoxy-
silane (TEOS-PECVD) as a precursor and chemically etched
away to 700 nm for the SIMS measurement. The SIMS mea-
surement reveals that the hydrogen impurities show up in the
LPCVD silicon nitride layer with an atomic concentration of
∼6 × 1019 atoms∕cm3. Note that the SIMS data in the silicon
nitride layer [pink region in Fig. 5(b)] contain oxygen because
the measurement is on a 50% fill pattern area where there
is half LPCVD nitride and half TEOS oxide. The hydrogen
content in the nitride layer can be twice the measured value in
Fig. 5(b), ∼1.2 × 1021 atoms∕cm3. The SIMS detection limit
for hydrogen in silicon dioxide is typically 1 × 1018 atoms∕cm3

[56]. Both the LPCVD silicon nitride deposition and TEOS-
PECVD oxide deposition processes involve a large amount of
hydrogen, whereas the thermal oxide growth does not involve
hydrogen. The SIMS measurement leads to two important ob-
servations: first, the hydrogen content mainly resides in the
LPCVD nitride layer and can be further reduced by adding
annealing steps; second, although the TEOS-PECVD oxide
deposition involves hydrogen, the TEOS-PECVD oxide is as
good as the thermal oxide at the 1 × 1018 atoms∕cm3 SIMS
detection limit for hydrogen.

3. DISCUSSION AND CONCLUSION

We have demonstrated for the first time a two-point-coupled
ultra-high-Q 10-meter-coil silicon nitride waveguide reso-
nator that is critically coupled every ∼2.8 nm from 1550 nm
to 1630 nm and measures a 340-million intrinsic Q and
0.074-dB/m waveguide propagation loss. We also validate that
the two-point-coupling design does not create excess loss in the
ultra-high-Q regime. A visible and NIR silicon nitride ring res-
onator with two-point coupling and in-situ thermal tuning
achieves critical coupling for the TM0 mode at 698 nm and
near critical coupling for the TE0 mode at 780 nm in a single
resonator, where during the thermal tuning on the two-point
coupler the waveguide loss is measured to maintain 0.83 dB/m
at 698 nm and 1.20 dB/m at 780 nm. Using the two-point-
coupled 10-meter-coil resonator as an optical reference, we

stabilize a laser with a frequency noise reduction of six orders
of magnitude at multiple critically coupled wavelengths from
1550 nm to 1630 nm.

There is a tradeoff in designing the two-point coupler’s dif-
ferential MZI length and using the wavelength tuning or de-
vice-global temperature tuning that a longer unbalanced length
makes it easier to tune the coupling by wavelength but can also
increase its sensitivity to environmental temperature changes.
The NIR 10-meter-coil and 4-meter-coil resonators have a
0.28-mm phase tuning section that requires a device-global
temperature increase of up to 500 K to achieve complete π
phase tuning, which makes it robust to environmental temper-
ature changes but can only rely on input light wavelength tun-
ing for coupling tuning. However, in-situ thermal tuning on
one MZI arm relies on the absolute length of the tuning arm,
but not on the differential arm length, and it is not subject to
the tradeoff mentioned above. Thus, the in-situ thermal tuning
can be more advantageous in that the two-point coupler can
have strong tuning strength owing to a long absolute ther-
mal tuning length, and a small differential arm length makes
the tuning insensitive to the input light wavelength or device
temperature changes. However, these micro thermal heaters
consume a considerable amount of power during tuning. Fully
planar and wafer-scale integration of piezoelectric (PZT, lead
zirconate titanate) actuators that provide strong and fast wave-
guide index tuning with very low power consumption [57] with
a two-point coupling design can potentially enable new appli-
cations, such as fast Q-switching in integrated ultra-high-Q
waveguide resonators. The capability of resonator coupling
tuning can also benefit quantum photonics applications, such
as photon-pair generation based on spontaneous OPO proc-
esses, by making a high-extinction optical filter for filtering out
the strong pump light in photon-pair generation by fine-tuning
the resonator coupling to reach critical coupling as closely as
possible.

We also demonstrate that two-point coupling enables the
measurement of waveguide loss mechanisms in a large wave-
length window for a specific waveguide mode (fundamental
TE mode) by tuning the coupling loss to near zero and meas-
uring the under-coupled resonances. The waveguide intrinsic
loss measured from a two-point-coupled 4-meter-coil resonator

O-H abs.
at 1385 nm

N-H abs.
at 1520 nm

O E S C L
(a) (b)

1 cm

4m

TEOS SiO2 Si3N4 Thermal SiO2

Fig. 5. (a) Silicon nitride waveguide loss spectrum measured in the two-point-coupled 4-meter-coil waveguide resonator shows the absorption loss
peaks near 1385 nm and 1520 nm related to hydrogen impurities. (b) SIMS depth profiling measures the hydrogen impurity level at different depths
and layers, revealing ∼6 ×1019 atoms∕cm3 hydrogen impurity level in the silicon nitride layer. The SIMS spot is on a 2 mm by 2 mm area of the fill
pattern with 50% nitride and 50% TEOS oxide upper cladding.
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from 1250 nm to 1650 nm shows the absorption peaks at
1385 nm and 1520 nm, which are related to hydrogen im-
purities. The SIMS measurement on the 4-meter-coil reso-
nator reveals that hydrogen impurities reside primarily in the
LPCVD silicon nitride layer with an atomic concentration of
∼6 × 1019 atoms∕cm3, indicating that reducing the hydrogen
content in the LPCVD silicon nitride can further decrease the
silicon nitride waveguide propagation loss in the sub-0.1-dB/m
loss regime, making it possible to achieve all waveguide resona-
tors with a billion Q factor. These results demonstrate the
capability of critically coupling the resonator over a wide wave-
length window, tuning the resonator coupling with in-situ
actuators, and proper coupling for different waveguide modes
and wavelengths. This can enhance the performance of applica-
tions, such as self-injection locked lasers, laser stabilization,
squeezed light generation, and efficient OPO emitters, and
greatly benefit AMO experiments and applications, quantum
computing and sensing, fiber sensing, optical atomic clocks,
precision metrology, and low-noise microwave generation.

APPENDIX A: COIL RESONATOR DESIGN
CONSIDERATION

The 10-meter-coil waveguide resonator [Fig. 6(a)] design con-
siderations include waveguide-bending-related properties such
as bending loss, S-bend point loss, and mode conversion due to
the bending mode mismatch and bus waveguide taper design
to optimize the chip-to-fiber edge coupling efficiency. A bend
loss simulation using Lumerical MODE for the 6-μm and
80-nm silicon nitride waveguides at 1550 nm shows that the
critical bending radius for the TE0 mode is below 1.0 mm
[Fig. 6(b)]. The S-bend point loss [Fig. 6(c)] and mode con-
version [Fig. 6(d)] between the waveguide modes especially be-
tween the TE0 and TE1 modes suggest the S-bend radius needs

to be 2.0 mm or above to minimize the unwanted TE0-TE
mode coupling and conversion. The bus waveguide is tapered
to 1.5 μm at the edge coupling with different types of fibers,
such as standard single-mode fibers (SMF28) and ultra-high-
numerical-aperture fibers (UHNA), to reduce the coupling loss
to less than 1.0 dB per facet [Fig. 7(a)] and to create a single-
mode tapered waveguide that only efficiently couples the TE0

mode [Fig. 7(b)].

APPENDIX B: LOSS COMPARISON BETWEEN
ONE- AND TWO-POINT-COUPLED
RESONATORS

The linewidth, loss, and Q of a one-point-coupled 10-meter-
coil resonator are measured from 1550 nm to 1630 nm for
comparison with the two-point-coupled 10-meteer-coil resona-
tor, as shown in Fig. 8. The one-point-coupled coil resonator
exhibits a critical coupling wavelength range of ∼30 nm from
1580 nm to 1610 nm, and the waveguide loss measurement in
Fig. 8(b) in both resonators shows that the two-point coupling
does not create additional coupler losses.

The fitting used in the waveguide resonator linewidth and
loss measurements is based on the add-through transmission

Fig. 6. Bending loss, S-bend point loss, S-bend mode conversion
simulation in 6-μm and 80-nm silicon nitride waveguides at 1550 nm.
(a) The TE0 mode has negligible bending loss at bending radii above
1.0 mm. (b) The TE0 mode has a 0.2–0.8 dB point loss at the
S-bend center with a bend radius from 1 mm to 2 mm. (c) Mode
conversion between the TE0 and TE1 modes due to mode mismatches
where the S-bending direction turns in the opposite direction.

Fig. 7. Waveguide taper design for edge coupling. (a) Coupling
loss between TE0 and three types of fibers with different mode field
diameters (MFDs)—SMF28, UHNA1, and UHNA3—shows that a
1.5-μm taper can achieve coupling loss below 1.0 dB. (b) Waveguide
effective index (neff ) simulation shows that the tapered waveguide is
single mode below 2.2 μm in taper width.

Fig. 8. Measured intrinsic resonator waveguide loss comparison
between one-point-coupled and two-point-coupled 10-meter-coil
silicon nitride waveguide resonators. (a) The measured intrinsic,
coupling, and total resonator linewidths in a one-point-coupled
10-meter-coil resonator show the critical coupling wavelength region
from 1580 nm to 1610 nm. (b) The measured waveguide loss in both
the one-point-coupled and two-point-coupled 10-meter-coil resona-
tors shows almost identical loss spectra.
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that is a function of both the intrinsic (γin) and external (γex)
coupling linewidths, expressed as T � j iΔω��γin−γex�2∕4

iΔω��γin�γex�2∕4 j
2,

where the transmission minimum related to the extinction
ratio can be found as Tmin � j γin−γex

γin�γex
j2. Clearly, the resonance

reaches the maximum extinction ratio when Tmin � 0 at
critical coupling. If we constrain our analysis to the under-
coupled regime of γin ≥ γex, the intrinsic linewidth can be
expressed in terms of Tmin and ΔωFWHM � γin � γex by
γin � ΔωFWHM�1�

ffiffiffiffiffiffiffiffiffiffi

Tmin

p �∕2. This equation informs us
how sensitive to the uncertainty in the extinction ratio the in-
trinsic linewidth measurement is, as inevitably there could
be stray light or a small misalignment between the fiber polari-
zation and the bus waveguide fundamental TE mode that is
the targeted resonance waveguide mode to be measured, any
of which introduces degradation of the resonance extinction
or increasement in Tmin. At critical coupling, the intrinsic loss
measurement is most sensitive to the extinction ratio uncer-
tainty, while it becomes less sensitive as the resonance is more
weakly coupled and Tmin is closer to one. For instance, deg-
radation of Tmin by 1% at critical coupling and Tmin � 0
causes a measurement uncertainty of 10% in γin, while it only
causes a measurement uncertainty of 0.4% at Tmin � 0.5
�γin:γex � 5.8:1� and 0.3% at Tmin � 0.8 �γin:γex � 18:1�.
Therefore, with such experimental uncertainties, the intrinsic
loss measurement using under-coupled resonances is more
reliable.
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