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Abstract: We report an ultra-high Q Si;N, waveguide resonator Brillouin laser stabilized to an
identical waveguide resonator to achieve a linewidth of 292 Hz and a record high stability of 6.5 x
10" at 8 ms. © 2021 The Author(s)

1. Introduction

Photonic integrated narrow linewidth lasers are an essential component in a wide range of applications including
coherent communications [1], atomic and optical clocks [2], and quantum communications and computation [3].
Stimulated scattering Brillouin (SBS) lasers have a unique property in that they can narrow the pump laser linewidth
by many orders of magnitude [4] and its fundamental linewidth is ultimately determined by the quantum fluctuation
of phonon modes [5]. Recent waveguide-integrated Brillouin laser demonstrations with a 10.5 mW threshold and a
fundamental linewidth of 0.72 Hz based on a 65 Million intrinsic Q resonator suffered from a high close-to-carrier
frequency noise, leading to an integral linewidth of several kHz due to a high intracavity power that results in a hot
cavity lasing operation [6]. This close-to-carrier laser noise can be drastically reduced using high-Q optical reference
cavities. While laser stabilization systems are typically implemented at the table scale, recent efforts toward compact
operation employ microcavity references [7], whispering gallery mode resonators [8,9], and spiral waveguide
resonators [10] to achieve order 10s to several 100s of Hz integral linewidths and stability of 3.9 x 10""* at 400 ps
averaging time. However, these architectures require either bulk optical components or custom packaged
fiber-tapered evanescent coupling to access the reference cavity optical mode. Full waveguide integration of
stabilized optical sources is highly desired as a route to truly compact, foundry mass-scalable, high spectral purity
optical sources for use in field deployed applications such as digital signal processor (DSP)-free coherent
communications in future low-power datacenter interconnects [11].

In this paper we report a photonic integrated Si;N, waveguide resonator based SBS laser stabilized to an identical
waveguide resonator, achieving a 12x integral linewidth reduction from 3.66 kHz to 292 Hz and a record high, for a
chip scale reference, carrier stability of 6.5x 10" at 8 ms averaging time and reaching the resonator’s fundamental
thermo-refractive noise limit. We refer to these two identical waveguide resonators fabricated on a single silicon
wafer as “self-similar” resonators, as one is pumped with a high optical power for Brillouin lasing and the other is
probed with a very low optical power for laser stabilization and integral linewidth reduction. By operating the
reference cavity lock under cold cavity conditions, we are able to limit the impact of relative intensity noise (RIN) to
photothermal frequency noise conversion on the linewidth broadening of the Brilouin laser. The single wafer
fabrication of both resonators represents a major step toward highly compact, high spectral purity sources that are
able to be fabricated at scale.

2. Brillouin lasing and self-similar stabilization

The ultra-high-Q Si;N, resonator has a high-aspect ratio waveguide core geometry (7 pm by 40 nm) to mitigate
scattering loss [12]. The loaded and intrinsic Qs are measured to be 28 and 65 Million [6]. We use a hybrid
semiconductor laser as the pump laser [13] that is locked to the resonator using a Pound-Drever-Hall (PDH) scheme
for the Brillouin laser operation at 1550 nm. The first Stokes (S1) of the Brillouin laser is operating just below the
second order Stokes lasing [5]. S1 is then fed into an acousto-optic modulator in the second PDH lock, as illustrated
in Fig. 1(a). Two methods are used to measure the laser frequency noise: an unbalanced Mach-Zehnder
interferometer (uMZI) with an free spectral range (FSR) of 1.026 MHz as an optical frequency discriminator (OFD)
and a heterodyne measurement with a stable laser system (SLS) whose beatnote is fed into a frequency counter for
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the frequency noise measurement. The OFD measurement is used for the far-from-carrier frequency noise and the
SLS measurement is used for the close-to-carrier frequency noise. Both measurements are then stitched, as can be
seen in Fig. 1(b), and the overlap between the OFD and SLS measurements indicates the agreement and reliability of
the two measurements. The frequency noise spectrum of the stabilized Brillouin laser reaches the reference
resonator’s thermo-refractive noise (TRN) limit, simulated according to Ref. [14].

The integral linewidth is calculated by integrating the single sided phase noise from the highest measured
frequency offset (10MHz) to the frequency offset at which the integral is 1/m rad” [8]. The standard approach to
measure the laser linewidth is by calculating the full-width-half-maximum (FWHM) linewidth of the beatnote
between the to-be-measured laser and an SLS laser, which nominally agrees with the integral linewidth calculated
from the noise spectrum, according to Ref. [8]. As seen in Fig. 1(b) and 1(c), the beatnote linewidths and the integral
linewidths agree well with each other. Fig. 1(d) shows Allan deviation achieves a carrier stability of 6.5 x 107'* at 8
ms. The phase diffusion in the time domain extracted from the beatnote signal is shown in Fig. 2, demonstrating the
direct impact on the laser phase diffusion from the stabilization.

Fig. 1. (a) Experiment diagram for the Brillouin laser stabilized to a self-similar ultra-high-Q resonator. PL, pump laser. EDFA, erbium-doped
fiber amplifier. AOM, acousto-optic modulator. TEC, temperature controller. PD, photodetector. FC, frequency counter. SLS, Stable Laser
systems reference laser. (b) OFD (optical frequency discriminator) and SLS reference laser heterodyne measurements of frequency noise and the
ILW is narrowed from 3.66 kHz to 292 Hz. TRN, thermo-refractive noise. (c) Beatnote linewidths and (d) Allan deviation for the free-running
and stabilized Brillouin laser shows a linewidth narrowing from 2.93 kHz to 330 Hz and a carrier stability of 6.5 % 10"'* at 8 ms.
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Fig. 2. Phase diffusion of the free-running and stabilized Brillouin laser.
3. Conclusion

We demonstrate a photonic integrated Brillouin laser stabilized to a self-similar ultra-high-Q resonator, achieving
integral linewidth reduction from 3.66 kHz to 292 Hz (12x reduction) and a record high carrier stability of 6.5 x 10"

at 8§ ms averaging time and reaching the resonator’s fundamental thermo-refractive noise limit and stabilization.
Future work includes fabrication and operation of these devices that does not require wafer dicing and discrete
optical components, such as the AOM in the PDH lock. Further, to realize a fully integrated narrow linewidth optical
source, low threshold SBS lasing in ultra-high-Q SiN platform can be achieved [15], enabling direct pumping by
heterogeneously integrated SiPh lasers [16]. Thermal engineering of the waveguide platform can further reduce
integral linewidths and improve long-term stability by reducing the contribution of close-to-carrier cavity noise
dominated by photothermal and thermo-refractive noise [17].
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