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Photonic integrated lasers with an ultra-low fundamen-
tal linewidth and a high output power are important for
precision atomic and quantum applications, high-capacity
communications, and fiber sensing, yet wafer-scale solutions
have remained elusive. Here we report an integrated stim-
ulated Brillouin laser (SBL), based on a photonic molecule
coupled resonator design, that achieves a sub-100-mHz fun-
damental linewidth with greater than 10-mW output power
in the C band, fabricated on a 200-mm silicon nitride (Si;N,)
CMOS-foundry compatible wafer-scale platform. The pho-
tonic molecule design is used to suppress the second-order
Stokes (S2) emission, allowing the primary lasing mode to
increase with the pump power without phase noise feed-
back from higher Stokes orders. The nested waveguide
resonators have a 184 million intrinsic and 92 million loaded
Q, over an order of magnitude improvement over prior
photonic molecules, enabling precision resonance splitting
of 198 MHz at the S2 frequency. We demonstrate S2-
suppressed single-mode SBL with a minimum fundamental
linewidth of 71+18 mHz, corresponding to a 23+6-mHz?/Hz
white-frequency-noise floor, over an order of magnitude
lower than prior integrated SBLs, with an ~11-mW out-
put power and 2.3-mW threshold power. The frequency
noise reaches the resonator-intrinsic thermo-refractive noise
from 2-kHz to 1-MHz offset. The laser phase noise reaches
—155 dBc/Hz at 10-MHz offset. The performance of this chip-
scale SBL shows promise not only to improve the reliability
and reduce size and cost but also to enable new precision
experiments that require the high-speed manipulation, con-
trol, and interrogation of atoms and qubits. Realization in
the silicon nitride ultra-low loss platform is adaptable to
a wide range of wavelengths from the visible to infrared
and enables integration with other components for systems-
on-chip solutions for a wide range of precision scientific and
engineering applications including quantum sensing, gravit-
ometers, atom interferometers, precision metrology, optical
atomic clocks, and ultra-low noise microwave generation.
© 2023 Optica Publishing Group
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Introduction. Photonic integrated ultra-narrow linewidth, ultra-
low phase noise lasers, with a high output power, have the
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potential for low cost, size, weight, and power solutions for
a wide range of precision scientific and commercial appli-
cations, including coherent communications [1,2], fiber-optic
sensing [3—-5], atomic and quantum sensing [6], atomic clocks
[7], and ultra-low-noise microwave generation [8—10]. The fun-
damental linewidth plays a key role in applications that have
stringent requirements on the laser frequency noise from car-
rier from 10kHz out to multiple MHz. For example, the laser
manipulation and interrogation of atoms and qubits require ultra-
low noise at high offset-from-carrier frequencies to minimize
unwanted interactions with neighboring hyperfine atomic tran-
sitions, motional sidebands, and fast pulse sequencing used in
ion and neutral atom manipulation. The intermodulation distor-
tion of laser noise can set a fundamental limit in the stability of
atomic frequency [11], and the phase noise in optical frequency
division can set the performance limit for microwave signal
generation [12,13]. Traditionally, these systems employ costly
external cavity lasers and are relegated to table-top systems and
utilize frequency doubling of near-infrared (NIR) lasers. Other
desirable features include a high output power, a low threshold
power, and fabrication in wafer-scale CMOS foundry compati-
ble processes that can be used to integrate other components on
chip and allow designs that operate from the visible to NIR such
as the ultra-low loss silicon nitride platform [14—17].

In particular, the physical processes involved in the stimulated
Brillouin laser (SBL) emission result in a large suppression of
the pump fundamental linewidth [18-20]. To date, waveguide-
based SBLs have been integrated in the silicon nitride CMOS
foundry compatible platform at NIR and visible wavelengths
[21,22], with fundamental linewidths as low as 720 mHz. The
fundamental linewidth and the output power are limited due to
the cascaded Brillouin emission where higher-order emission
modes lead to clamping of photon population in the primary
mode and phase noise feedback from higher-order modes [19].
Inhibition of the higher-order Stokes emission such as second-
order Stokes (S2) [23] has been employed with silicon nitride
waveguide SBLs through sidewall grating modulation of a sili-
con nitride ring resonator to split the S2 resonance [24]. In this
previous work, the low resonator Q limited the resolution of S2
line splitting, and the fundamental linewidth was not character-
ized. Suppressed S2 in a non-integrated tapered-fiber coupled
bulk optic silica microtoroid resonator achieved a fundamental
linewidth of 245 mHz at a high output power of 126 mW [25].
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Fig. 1. S2-suppressed design. (a) Coupled-ring resonator with split resonances due to mode coupling for S2 suppression. Split modes

correspond to symmetric |S and asymmetric |AS hybrid modes. (b) Normalized transmission shows one split resonance and other non-split
resonances near 1570 nm. (c) Zoom-in of the split resonance. (d) Q and linewidth measurement of the non-split resonance.

However, the limited resonator Q of 31 million resulted in an
~49-mW threshold and unwanted output saturation where the
laser most likely loses S2 suppression. To reach below the sub-
100-mHz fundamental linewidth requires cascaded Brillouin
inhibition approaches that leverage the performance of ultrahigh
Q integrated waveguide resonators in a CMOS foundry compat-
ible platform [15,16,26,27]. This paper focuses on integrated
Brillouin lasers. Sub-100-mHz fundamental linewidth has been
demonstrated using self-injection locking to silicon nitride coil
resonators [28]. However, SIL has issues with long-term laser
stability which is not an issue with the SBL.

In this paper, we report an S2-suppressed Brillouin laser based
on a photonic-molecule integrated waveguide resonator design
that achieves a fundamental linewidth of 71+18 mHz, corre-
sponding to 23+6-mHz*/Hz white-frequency noise floor in the
C band with an ~11-mW output power and a 2.3-mW optical
threshold power. Additionally, the laser phase noise is measured
at —155 dBc/Hz at 10-MHz offset. These results represent over
an order of magnitude improvement in fundamental linewidth
and phase noise over previous waveguide integrated Brillouin
lasers, to the best of our knowledge. The nested resonator is
fabricated in a 200-mm silicon nitride (Si;N,) CMOS-foundry
compatible wafer-scale platform and has a 184 million intrin-
sic and 92 million loaded Q, enabling a resonance splitting of
198 MHz at the S2 offset frequency and ultra-low phase noise
operation. Increasing the pump power from above the threshold
to 170 mW (~70 times the 2.3-mW threshold), no higher-order
Stokes are observed, confirming a single-mode operation. The
frequency noise measurements are characterized to have a noise
floor that is low enough to measure the white frequency noise
floor from 1- to 10-MHz offset. Comparing the measured fre-
quency noise spectra to the modeled thermo-refractive noise
(TRN), the measurements match the TRN from 10kHz to 1.
This nested ring photonic-molecule approach is advantageous
compared to other approaches with a resulting resonator Q
above 100 million, a well-defined resonance splitting controlled
by the ring-ring coupling gap that is fabrication-tolerant to a
few microns and enables a Vernier effect that repeats every
~0.35 nm.

Photonic-molecule Brillouin laser design. The photonic
molecule resonator is based on a nested double-ring structure
(Fig. 1(a)) that couples the modes of the two ring resonators

to produce the resonance splitting at the desired Brillouin S2
frequency shift. The transverse magnetic Si;N, waveguide is 11-
um wide by 80-nm thick based on the design and loss mitigation
techniques as reported in [15]. The outer ring, where Brillouin
lasing occurs, has a radius of 11.787 mm, designed to satisfy
the Brillouin phase matching condition with four times the free
spectral range (FSR) equal to the Brillouin shift [15,22]. The
inner ring radius is 10.50 mm. The coupling structures are single
point coupling without pulley-coupler type design features such
as a change in the ring curvature or the bus waveguide bending
(see Fig. S2(a) in Supplement 1 Section 3). A main advantage
of our ultra-low loss platform with dilute optical mode is that
it enables this simple single-point-coupling resonator design
without complicated design features. The gaps of the coupling
structures are chosen with the guidance of the coupling simula-
tion of the large-size ring resonator (Supplement 1 Section 4).
The bus-ring gap of the outer ring is 5.2 um for critical coupling,
and the ring-ring gap is 5.0 um to introduce coupling between
the rings that creates a resonance splitting of ~100 MHz. To
further increase the suppression of the S2 emission, we add an
auxiliary bus waveguide with a bus-ring gap of 2.5 um to the
inner ring for over coupling to intentionally add loss to the inner
ring resonances, resulting in a decreased loaded Qs at the split
resonance, which further increases the suppression of S2 lasing.

Figure 1(b) shows a spectral scan with different FSRs of the
two modes creating a split resonance at 1569.986 nm. As shown
in Fig. 1(b), to achieve S2 suppression, the pump laser is aligned
with the non-split resonance that is 8 FSRs away from the split
resonance. Figure 1(b) also shows the simulated transmission
(orange line in Fig. 1(b)) of the coupled resonator using a matrix-
based coupled mode theory [29,30] with the measured Q values
and the splitting rate g =198/2 =99 MHz and agrees well with
the measured spectral scanning trace (blue line in Fig. 1(b)).
The split and non-split resonances are measured using a radio
frequency calibrated fiber Mach—Zehnder interferometer (MZI)
[27]. The non-split resonance Q is measured to be 184 million
intrinsic and 92 million loaded around 1570nm (Fig. 1(d)),
while the resonance split at 1569.986 nm (Fig. 1(c)) is measured
to be 198 MHz with a loaded Q of ~11 million.

Linewidth and frequency noise measurement. For the
S2-suppressed non-cascaded-emission Brillouin laser, the first-
order Stokes (S1) fundamental linewidth follows the modified
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S2-suppressed SBL threshold, output power, and fundamental linewidth measurement. (a) OFD frequency noise at different pump

powers. (b) S1 on-chip power versus pump power with measured 2.3-mW threshold. (c) Fundamental linewidth versus pump power. The
pump noise limited linewidth is indicated by yellow dash. (d) S2-suppressed SBL on an OSA at 170-mW pump power. S1, first-order Stokes;
S2, second-order Stokes; OFD, optical frequency discriminator; OSA, optical spectrum analyzer.

Schawlow—-Townes linewidth with an enhancement factor (@)
induced by Brillouin gain amplitude-phase coupling [19,20],

Ny hu) }
4r QL chP S1

where n;, = 1/[exp (%) — 1] is the photon thermal quanta
(2573 at 300K), Q is the acoustic wave frequency, w is the
Brillouin laser frequency, Q; and Q,, are the resonator loaded
Q and coupling external Q, Py, is the S1 output power, and «
is the linewidth enhancement factor due to the deviation from
perfect phase matching. For cascaded emission SBLs, S1 emis-
sion clamps at the onset (threshold) of S2. The S1 fundamental
linewidth reaches a minimum due to saturation of the photon
number without higher-order Stokes phase noise feedback [19,
311,

(1+a?), (1)

AVsLsr =

g, 4
2r’ )
where ¢ = hvvéGB /2L is the cavity Brillouin gain rate, v, is the
group velocity, Gy is the material Brillouin gain, and L is the
cavity length (see [19] and Supplement 1 Section 2 for detailed
derivation of Egs. (1) and (2)).

To demonstrate S2 suppression, a Velocity TLB-6700 tun-
able laser is locked to the non-split resonance located 8 FSRs
away from the split resonance, using the Pound—Drever—Hall
technique [32], where the pump laser is amplified by an erbium-
doped fiber amplifier (EDFA) before a fiber circulator and
fiber-to-chip edge coupling with ~4-dB loss at the edge cou-
pling (see experimental setup in Supplement 1 Fig. S2(a)). The
S1 output power is coupled to a fiber circulator at the reflection
port and measured on an optical spectrum analyzer (OSA). The
S1 threshold is measured to be 2.3 mW, and the pump power is
increased up to 170 mW without observation of S2 (Fig. 2(d)),
confirming single-mode operation. Due to the ~4-dB edge loss
and the maximum 27-dBm EDFA output power, the 170-mW
on-chip pump power is the maximum that was reached.

The frequency noise and the fundamental linewidth are meas-
ured using a fiber MZI optical frequency discriminator (OFD)
[22], and the fundamental linewidth Avy is calculated from
the white-frequency-noise floor, Avy = xS,,. The S1 frequency
noise and the output power are measured as a function of
the increased pump power (Figs. 2(a) and 2(c)) demonstrating
linewidth narrowing and the expected square-root law increase
in the S1 power [19]. At 80-mW on-chip pump power (data trace
(iv) in Fig. 2(1)), the white-frequency-noise floor is reduced

AVmin =

to 23+6 mHz*/Hz, corresponding to 71+18 mHz, and at pump
power above 80 mW the S1 fundamental linewidth is measured
to be on average 82+7 mHz (Fig. 2(c)). To better visualize the
white frequency noise at high-frequency offsets (1-10 MHz),
the frequency noise spectra are plotted with the offset in the
linear scale, shown in Fig. S2(b) in Supplement 1 Section 3. The
measured S1 output power and linewidth are plotted together
with the simulated curves in Figs. 2(b) and 2(c), where the S2-
suppressed modeling follows [19] and is described in detail in
Supplement 1 Section 2.

We calculate the equivalent single-sideband phase noise for
the data trace (v) in Fig. 2(a) at an on-chip pump power of
170 mW (Fig. 3). At frequencies from 10kHz to 1 MHz, the
laser frequency phase noise follows the resonator-intrinsic TRN
[33,34]. The equivalent phase noise reaches —155dBc/Hz at
10-MHz offset before hitting the OFD noise floor. The OFD
measurement noise floor is carefully characterized by sampling
the noise signal without any optical input and converting it into
an equivalent frequency and phase noise spectrum, shown as
the pink trace in Fig. 3. Above the 10-MHz offset, the measured
phase noise is limited by the OFD noise floor ( Supplement 1
Section 3 for OFD noise floor details).
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Fig. 3. Single sideband phase noise is calculated from the fre-
quency noise trace (v) at the pump power of 170 mW in Fig. 2(a),
where the phase noise reaches —155dBc/Hz at 10 MHz. Above
10 MHz, the measured phase noise is limited by OFD noise floor
(NFL). S,,, white frequency noise.
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Conclusion and discussion. We report an ultra-low phase
noise, high output power SBL that uses a photonic-molecule
integrated resonator design to suppress the higher order Stokes
modes. We achieve a fundamental linewidth of 71+18 mHz (cor-
responding to 23+6-mHz*/Hz white-frequency noise floor) and
—155-dBc/Hz phase noise at 10 MHz, with ~11-mW output
power at the on-chip pump power of 170 mW. The photonic
molecule waveguide resonators are fabricated in a 200-mm
wafer-scale CMOS-foundry platform and have a measured 184
million intrinsic and 92 million loaded Qs at the non-split
resonances and a resonance splitting of 198 MHz at the S2 wave-
length. There are several advantages with our nested resonator
photonic-molecule SBL design for higher-order Stokes suppres-
sion. First, the S2 resonance splitting can be determined by the
ring-ring coupling gap, which is on the order of a few microns
and is within the fabrication error tolerance of our lithography
and chemical etching. Second, the auxiliary bus coupling to the
inner ring further contributes to the S2 suppression by decreas-
ing the Qs of the split resonances. Third, the coupled rings
produce a Vernier effect for the resonance splitting such that the
split periodically appears every ~0.35 nm. This repeating behav-
ior of split resonances has been well studied [35]. This design
has fabrication tolerance advantages over the nano-modulation
features used in prior resonator grating structures [24].

Important to the validation of the laser noise is the fact that
the SBL frequency noise reaches the intrinsic TRN of the pho-
tonic molecule resonators (green dash in Fig. 2(a)). Additionally,
this TRN limit is above the noise floor of our frequency noise
measurement system (solid purple Fig. 3). Another considera-
tion is the pump laser noise which sets a limit on how narrow
the SBL fundamental linewidth can reach. The transferred pump
frequency noise limited linewidth is calculated to be 62 mHz
(yellow dash in Fig. 2(c)), using the formula in Ref. [18] (see
Supplement 1 Section 2). Before reaching the pump-transferred-
noise-limited linewidth, the linewidth continues to reduce with
increasing output laser power (Eq. (1)). However, with S2 sup-
pression, S1 does not increase linearly with input pump power
(P;,). The resulting increase proportional to v/P,, leads to a
decreasing conversion efficiency at high pump power [19],

4792,\‘ 4y3"
Pg = 72' ( PPy, — P:h) = 7VPthim (3)

where v,, and y are the resonator coupling loss rate and total
loss rate and P,, is the threshold. This results in a conversion effi-

ciency ng = 4;—52"\/Pm /P;, that decreases with the pump power
P;,, which leads to the low conversion efficiency of 6.5% at the
170-mW pump power and also affects the fundamental linewidth
narrowing (Fig. 2(b)). To avoid this /P, dependence we can
leverage the fact that the S2 emission output power with S3 sup-
pression increases linearly with pump power (see Supplement 1
Section 2 on S3 suppression). We investigated S3 suppression
with S2 as the SBL output for improved power conversion effi-
ciency and linewidth reduction. However,the four-wave mixing
parametric process inhibits the increase of S2 output power at the
55-mW pump power (Supplement 1 Section 6). Future work will
include investigation and suppression of the unwanted four-wave
mixing process. In conclusion, the exceptional ultra-narrow
fundamental linewidth and high output power of the photonic
molecule suppressed the S2 chip-scale SBL, showing promise
not only to improve the reliability and reduce size and cost but

Letter

also enable precision atomic and quantum high-speed manip-
ulation, control, and interrogation, impacting future atomic
and quantum sensing, computing and precision microwave
applications.
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