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We demonstrate 0.034 dB/m loss waveguides in a 200-
mm wafer-scale, silicon nitride (Si3N4) CMOS-foundry-
compatible integration platform. We fabricate resonators
that measure up to a 720 million intrinsic Q resonator at
1615 nm wavelength with a 258 kHz intrinsic linewidth.
This resonator is used to realize a Brillouin laser with
an energy-efficient 380 µW threshold power. The perfor-
mance is achieved by reducing scattering losses through a
combination of single-mode TM waveguide design and an
etched blanket-layer low-pressure chemical vapor deposi-
tion (LPCVD) 80 nm Si3N4 waveguide core combined with
thermal oxide lower and tetraethoxysilane plasma-enhanced
chemical vapor deposition (TEOS–PECVD) upper oxide
cladding. This level of performance will enable photon
preservation and energy-efficient generation of the spectrally
pure light needed for photonic integration of a wide range
of future precision scientific applications, including quan-
tum, precision metrology, and optical atomic clocks. © 2022
Optica Publishing Group

https://doi.org/10.1364/OL.454392

Ultralow optical losses are essential for preserving photons and
generating spectrally pure light in a wide array of precision
scientific applications, including quantum computing and com-
munications [1–3], precision metrology [4], and optical atomic
clocks [5]. Reducing the size, cost, weight, power consumption,
and environmental sensitivity of these systems through photonic
integration will open vast new application avenues, including
space-based quantum and atomic systems [5] ultralow phase
noise microwave sources [6], and energy-efficient high-capacity
coherent communications [7]. In addition, the next generation
atomic, molecular, and optical (AMO) [8] infrastructure will
benefit from the ability to bring low losses, efficient lasers, and
increasingly complex optical systems to the chip-scale for next
generation applications, including example quantum computing
[9], sensing [10], and molecular physics [8].

These precision applications rely on low optical phase noise
and losses that, today, are delivered by free-space bulk optics
[9] and table-top reference cavities with Q values of tens
of billions [4]. While there has been progress in realizing
compact bulk-optic and hybrid integrated resonators [11–14],
translating this performance to wafer-scale (200 mm), CMOS-
foundry-compatible solutions that approach a billion Q and
0.025 dB/m loss has remained elusive. Prior works in sili-
con nitride resonators include 422 million intrinsic Q and
0.060 dB/m waveguide loss [15] and Q values below 250 mil-
lion [16,17]. Brillouin lasers have been demonstrated in near
infrared wavelengths as well as visible [16,18–20], and a low
lasing threshold is critical to energy efficiency and motivates
further linewidth narrowing by higher order Stokes suppression
[21]. Therefore, further reduction in waveguide loss, increased
resonator Q, decreased linewidth, and lower optical thresholds
for ultralow noise lasers are critical for energy efficiency and
weight sensitive applications. Such waveguides and resonators
will play an important role in in quantum photonic circuits
[22], precision spectral filtering for applications such as nonlin-
ear quantum optics [3], and microwave synthesis using optical
frequency division [6].

In this paper, we report a significant breakthrough in ultralow-
loss and ultrahigh-Q waveguide technology fabricated in a
200-mm wafer-scale, silicon nitride (Si3N4) CMOS-foundry-
compatible platform. We demonstrate 0.034 dB/m waveguide
loss and a 720 million intrinsic Q resonator with 258 kHz
intrinsic and 386 kHz loaded linewidths. These losses and
linewidths are the lowest reported to date for a fully planar
deposition, wafer-scale waveguide process, to the best of our
knowledge. In addition, we show that these resonators can real-
ize energy-efficient stimulated Brillouin scattering (SBS) lasing
with a 380 µW optical pump threshold power, and such lasers
have been shown to demonstrate ultra-narrow linewidths [16].
This level of performance is achieved with a high-aspect-ratio
TM mode Si3N4 waveguide design combined with a nitride
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Fig. 1. Resonator linewidth and Q: (a) 200-mm wafer after
the fabrication and dicing process; (b) resonance spectral scan at
1615 nm with the 1.078 MHz FSR MZI; (c) measured loaded and
intrinsic Q values from 1550 nm to 1630 nm, where M=million;
(d) a ringdown time of 444 ns, corresponding to an intrinsic Q= 775
M is measured at 1615 nm.

blanket layer and extra annealing steps to mitigate scatte-
ring and absorption losses [15]. These results show promise
towards wafer-scale, manufacturable, ultralow-loss waveguides,
ultrahigh-Q resonators, and low threshold SBS lasers that today
are achieved with bulk optics, bringing precision laser applica-
tions to the chip-scale and enabling a wide range of portable
light sources and photonic circuits.

The resonator is a bus-coupled TM0 mode design with an 11
µm wide by 80 nm thick silicon nitride core design and ∼5 nm
blanket nitride layer located between a 15 µm thick thermal
oxide lower cladding and 6 µm thick deposited upper cladding
[15] fabricated on a 200 mm wafer-scale process [see Fig. 1(a)].
The 11.787 mm resonator radius is designed for SBS phase
matching [16] while maintaining the bending losses to be rel-
atively negligible (simulated to be <0.01 dB/m). Our resonator
design is guided by scattering loss simulation, based on a fully
three-dimensional waveguide scattering loss model [23], which
shows the TM0 mode scattering loss is much lower than that of
the TE0 mode under the same waveguide roughness condition
(see Supplement 1 for details on scattering loss modeling). We
increased the core thickness to 80 nm to support the TM0 mode
as well as the TE modes. The 6.898 µm bus-ring coupling gap
achieves slight under-coupling of the TM0 and very weak cou-
pling of the TE modes (see Supplement 1 for bus-ring coupling
simulation). Therefore, only the TM0 mode is properly coupled,
and this coupling design makes it a quasi-single-mode resonator,
although the waveguide by its nature is a multi-mode waveguide.

The loaded and intrinsic Q values are measured using a laser
that tunes from 1550 nm to 1630 nm (Velocity TLB-6700), with
a measured maximum of 720 million at 1615 nm, corresponding
to a propagation loss of 0.034 dB/m. An intrinsic linewidth of
258 kHz and a loaded linewidth of 386 kHz [Figs. 1(b) and 1(c)]
are measured using Mach–Zehnder interferometer (MZI) and
ringdown techniques [15]. Ringdown measurements at 1615 nm
yield an intrinsic 775± 8 million and loaded 518± 5 million Q
[Fig. 1(d)], confirming the MZI measurement within 7%. The Q
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Fig. 2. SBS laser and threshold power measurement. (a) Setup
for the SBS laser. PL, pump laser; PDH, Pound–Drever–Hall laser
lock; PD, photodetector; OSA, optical spectrum analyzer. (b) Stokes
power on the OSA with ∼4 mW on-chip pump power. (c) Measured
S1 and S3 on-chip power with the calculated curves shows a thresh-
old of 0.38 mW. (d) Calculated and measured threshold power and
Brillouin gain from 1550 nm to 1610 nm.

and linewidth measurements at 1615 nm, of all 19 devices fabri-
cated on the same 200 mm wafer, yield a maximum 720 million
Q and average 565 million Q [see Fig. S1(a) in Supplement 1]

Next, we demonstrate a 380 µW threshold for the first order
Stokes (S1) Brillouin lasing operating at 1570 nm. A tunable
laser (Velocity TLB-6700) is locked to the resonator using the
Pound–Drever–Hall technique [24]. Measurement of S1 on an
optical spectrum analyzer (OSA) [Fig. 2(b)] as a function of
input pump power at 1570 nm [Fig. 2(c)] indicates a clear S1
threshold and a threshold power of 380 µW. Similarly, the S1
threshold power is also measured at other wavelengths, shown
in Fig. 2(d), indicating the 380 µW threshold power at 1570 nm
is the minimum threshold and the Brillouin gain at 1570 nm is
at its maximum. Using the cascaded Brillouin laser model [25],
we can simulate the S1 and S3 Stokes power [dashed curves in
Fig. 2(c)] with the measured loaded and intrinsic Q at 1570 nm
and an estimated Brillouin gain of 0.043 (m·W)–1. The laser
power conversion efficiency for S1 at its first clamping point
with the pump power of 1.5 mW is ∼3.1%. The low conversion
efficiency is due to the bus-ring under-coupling (γc/γin =∼0.17).
In the future, we plan to design the bus-ring coupling to have
the resonator slightly over-coupled (γc/γin =∼2) so that the con-
version efficiency can be dramatically increased without much
increase in threshold [see Fig. S2(d) in Supplement 1]. Although
SBS lasing implies potentially significant linewidth narrowing
and ultra-narrow linewidth emission, it is the low conversion
efficiency and lower output Stokes power that prevent us from
carrying out any meaningful SBS laser frequency noise or
linewidth measurements.

Each optical wavelength corresponds to a distinct phonon
mode, where the phonon frequency depends on the optical
frequency and acoustic speed, ΩB = 4πnVac/λ. Without the res-
onator, any wavelength of light can mediate SBS through an
appropriately phase-matched phonon, while in the resonator,
only resonator modes at wavelengths offset from the pump by
the Brillouin frequency shift can mediate SBS. Therefore, in
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addition to resonator Q, phase matching between the SBS fre-
quency shift and integer multiple of the resonator free spectral
range (FSR) are important in lowering the SBS threshold.

The SBS laser threshold is determined by the following
equation [25]:

Pth =
π2n2

gLQc

GBλ2Q3
L

,

where ng is the group index, λ is the wavelength, QL(Qc) is the
loaded (bus-ring coupling) Q factor, and GB is the waveguide
Brillouin gain. The waveguide Brillouin gain in the waveguide
resonator, GB(∆ω − ΩB), is a function of both pump-Stokes
frequency difference ∆ω = 4 × FSR and the Brillouin shift fre-
quency ΩB = 4πnVac/λ. With the measured Q values and S1
threshold, the resonator’s Brillouin gain at different wavelengths
can be calculated using the equation above, shown as solid cir-
cles in Fig. 2(d), where reaching a maximum Brillouin gain at
1570 nm indicates a good SBS phase matching at 1570 nm, thus
∆ω = ΩB and GB(∆ω − ΩB = 0) = 0.043 (m·W)–1. Besides, the
pump-S1 beatnote frequency at 1570 nm measured on an elec-
tric spectral analyzer (Fig. S2(b) in Supplement 1) indicates
∆ω = ΩB = 10.831 GHz. The waveguide Brillouin gain spec-
trum simulated by COMSOL (Fig. S2(a) in Supplement 1) has
a bandwidth of ∼150 MHz and is calibrated with a gain peak
of 0.043 (m·W)–1 at 10.831 GHz. While the FSR and index
measured by the pump-S1 beatnote frequency stay fairly con-
stant across the wavelength range (Fig. S2(b) in Supplement
1), the Brillouin shift frequency (ΩB = 4πnVac/λ) change from
the wavelength change is the major factor in the phase match-
ing condition (∆ω − ΩB) and the Brillouin gain GB(∆ω − ΩB),
meaning that the 150 MHz Brillouin gain spectrum bandwidth
corresponds to a gain window in the wavelength range of

150 MHz
10.831 GHz × 1570 nm = 22 nm [see Fig. S2(c) in Supplement 1].
By calculating the Brillouin shift frequency ΩB and using the
simulated Brillouin gain spectrum, we can calculate the Bril-
louin gain as a function of wavelength (solid curve connecting
solid circles in Fig. 2(d)), indicating good agreement between
the calculated and measured values across this wavelength range.
See Supplement 1 for details on the waveguide Brillouin gain
spectrum simulation and SBS laser phase matching condition.

In conclusion, we demonstrate that 0.034 dB/m waveguide
loss can be realized in a 200 mm wafer-scale CMOS-foundry-
compatible silicon nitride process. Leveraging these low losses,
we realize a 720 million intrinsic Q resonator with correspond-
ing 258 kHz intrinsic and 386 kHz loaded linewidths. Finally,
used as a nonlinear resonator, we demonstrate SBS lasing with
a 380 µW threshold power. Further loss reduction is possible
using techniques such as inverse pattern etching and reflow and
optimization of TM mode waveguide geometries. Our investiga-
tion of the Brillouin gain and threshold shows a strong Brillouin
phase matching at 1570 nm. The SBS laser conversion effi-
ciency and threshold can be further improved in future work
by optimizing the bus-to-ring coupling design and by changing
the resonator FSR to phase match to wavelengths associated
with higher Q, such as 1615 nm. These results demonstrate for
the first time that this level of performance can be realized
using fully planar, CMOS-compatible wafer-scale (200 mm)
processes, without complex bonding or sidewall etch post pro-
cessing. Moving forward, these results demonstrate the ability
to bring table-top loss performance, ultrahigh-Q filtering, and
ultra-narrow linewidths to the chip-scale, as well as sub-mW las-
ing thresholds suitable for compact and low-power consumption

solutions for precision applications such as quantum, microwave,
and atomic sensing.
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