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We realize a chip-based Brillouin microlaser with remark-
able features of high power and low noise using a microtoroid
resonator. Our Brillouin microlaser is able to output a power
of up to 126 mW with a fundamental linewidth down to
245 mHz. Additionally, in the course of Brillouin lasing we
observe an intriguing power saturation-like effect, which
can be attributed to complex thermo-optic-effect-induced
mode mismatch between the pump and Brillouin modes. To
have a quantitative understanding of this phenomenon, we
develop a model by simultaneously considering Brillouin las-
ing and the thermo-optic effect occurring in the microcavity.
Of importance, our theoretical results match well with exper-
imentally measured data. © 2022 Optica Publishing Group

https://doi.org/10.1364/0OL.455369

Brillouin microlasers [1-4] have emerged as a crucially impor-
tant approach for designing integrated narrow-linewidth lasers
[5-11] which have been further applied for laser gyroscopes
[8,12], generation of low-noise microwave signal [8,13] and
Brillouin—Kerr soliton microcombs [14], as well as realization
of narrow-linewidth Kerr microcombs [15]. So far, Brillouin
microlasers have been achieved in various resonator platforms
ranging from silica spheres/disks [2,5,6], crystal disks [1,16],
silicon nitride microrings [8,10,11], silicon microrings [17], to
chalcogenide microrings [ 18]. Despite these impressive achieve-
ments, the achieved output lasing powers are limited to approxi-
mately 20 mW [8], because of the Brillouin laser cascade [8,19]
as well as the interactions of the stimulated Brillouin scattering
(SBS) with other forms of nonlinearities in the microcavity such
as four-wave mixing (FWM) [14,20,21] and the thermo-optic
effect [22], which adversely constrains their further potential for
use in atomic physics and integrated nonlinear photonics.
Here, we report the realization of a chip-based Brillouin
microlaser with an output power of up to 126 mW and a fun-
damental linewidth down to 245mHz by making use of a
microtoroid resonator. We notice that increase of the Brillouin
laser output has been demonstrated by employing different trans-
verse mode families for the pump and Brillouin modes [9] or by
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incorporating Bragg gratings [23] to inhibit the Brillouin lasing
cascade. Compared with the silica microdisk resonator [5], the
microtoroid resonator [24] enables a larger mode volume and
more transverse optical modes, and such a relatively large optical
mode volume inversely reduces the thermo-optic effect. There-
fore, the optical modes inside the microcavity are able to tolerate
much higher power but experience less thermal frequency shift.
Inspired by these observations, in this work, we have success-
fully inhibited the Brillouin laser cascade by using two different
high-order optical transverse modes in a microtoroid cavity with
relatively large mode volume.

Experimentally, we choose a fiber taper coupled high-Q sil-
ica microtoroid resonator [25] with a diameter of ~3.350 mm
to produce the Brillouin laser. Since the free spectral range
(FSR) is larger than the Brillouin phonon frequency, the system
only allows the Brillouin laser to be generated within differ-
ent transverse mode families, thereby preventing the Brillouin
lasing cascade. This non-cascading Brillouin laser operation
is schematically illustrated in the spectral diagram of Fig. 1(a).
Moreover, the relatively high-density optical modes in the micro-
cavity help to reduce the difficulty in attaining phase matching
conditions for the Brillouin laser generation. As a result, Bril-
louin lasing is observed in almost every FSR around the telecom
1550-nm band.

Figure 2 shows the experimental setup used for the generation
and characterization of the Brillouin microlaser. An external-
cavity diode laser amplified by an erbium-doped fiber amplifier
(EDFA) is used as the pump light for the Brillouin laser genera-
tion. The pump light is locked to the cavity mode [pump mode in
Fig. 1(b)] by the Pound—Drever—Hall (PDH) approach [26]. The
laser frequency noise is measured by the standard short delayed
self-heterodyne method (SDSH) [27]. To analyze the noise of
the produced Brillouin laser, an unbalanced fiber Mach—Zehnder
interferometer (FMZI) is built as a frequency discriminator, so
that the frequency fluctuations can be converted and measured
through intensity fluctuations. As depicted in Fig. 2, the detected
output of the FMZI is further fed into a phase noise analyzer
for examining the single-sideband (SSB) phase noise of the beat
note signal.
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Fig. 1. (a) Spectral diagram for non-cascading Brillouin laser
operation. Lorentzian line shapes in different colors indicate differ-
ent transverse mode families. Phase matching for Brillouin lasing
is fulfilled with two optical modes from different transverse mode
families so as to prevent cascading. (b) Normalized transmission of
Brillouin mode and pump mode, where the frequency span covers
a full FSR of the pump mode. (¢) Zoom-in view of normalized
transmission spectrum of the Brillouin mode with a Lorentz fitting
curve (gray line). (d) Scanning electron microscopy (SEM) image
of the microtoroid resonator.

The output Brillouin laser power versus the pump power is
reported in Fig. 3, where a threshold power of ~49 mW was
recorded. In the power range of 50—-100 mW, we found the slope
efficiency to be about 83.6% via a linear fitting (not shown).
However, if we continued to increase the pump power, a gradual
reduction of the pump efficiency was observed and the out-
put Brillouin laser power was eventually saturated at ~126 mW
when the pump power was ~320 mW. To the best of our knowl-
edge, this is a remarkable output power record for a chip-based
narrow-linewidth microlaser. Also, this achieved output power
is larger than the narrow-linewidth fiber Brillouin laser [28].
The inset of Fig. 3 displays a typical optical spectrum in the
backward direction in the presence of inevitable scattered pump
laser, where the Brillouin frequency shift is ~10.8 GHz.

To have a quantitative understanding of the power saturation-
like phenomenon, we model the overall processes by the fol-
lowing set of coupled-mode equations under the rotating-wave
approximation [29,30]:

da
7; = (—iAwp + i, AT — %) a, — igyayb + K Si, 1)
@ = (—iAwb + lﬁzA T - &) a, — igba|b* (2)
dt 2 ’
db ) Y . .
i (—IAQ,,, - 7) b —ig,a,a;, (3)

Vol. 47,No. 7/1 April 2022/ Optics Letters 1639

Pump Laser
A

Oscilloscope
QOOOQ

Fig. 2. Experimental setup for generating and characterizing the
high-power, low-noise Brillouin microlaser. The pump laser is
Pound-Drever—Hall (PDH) locked to the pump mode resonance.
The backward-propagating Brillouin laser is separated using a fiber
circulator and then delivered to an optical frequency discrimina-
tor and an optical spectrum analyzer (OSA) for frequency noise
and optical spectrum analysis. EOM, electro-optical modulator
(Thorlabs, LN53S-FC); EDFA, erbium-doped fiber amplifier; VOA,
variable optical attenuator; FPC, fiber polarization controller; AOM,
acoustic optical modulator (Gooch & Housego, T-M080-0.4C2J-3-
F2S); PD1-4, photodetectors (PD1-3, Newport, 2053-FC-M; PD4,
Newport, 1611FC-AC); C1-6, fiber couplers; PNA, phase noise
analyzer (Rohde & Schwarz, FSWP26).
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Fig. 3. Measured (dots) and simulated (line) Brillouin laser
power versus pump power, where a threshold power of ~49 mW
is observed. Inset shows a typical optical spectrum of the Brillouin
laser in the presence of a back-scattered pump laser.
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Here, a;, a,, and b stand for the fields of the intracavity pump,
Brillouin, and acoustic modes, respectively; Aw, = w, — w,
Aw, = w, — w,, and AQ,, = Q,, — Q, respectively represent the
frequency detunings of the pump, Brillouin, and acoustic waves
of frequencies w,, w,, and Q,, with respect to their resonant fre-
quencies w;, w,, and Qo; v, ¥,, and vy, are the decay rates
of the pump, Brillouin, and acoustic fields. Additionally, «;
denotes the coupling strength between the tapered fiber and
the pumped cavity; s;, is the amplitude of the input pump field
in the fiber; 8, and B, respectively represent the coefficients of
thermo-optic-effect induced frequency drifts of the pump and
Brillouin modes; 77 is the thermal relaxation time; cr; and ¢z,
stand for the thermal-absorption coefficients of the pump and
Brillouin modes, respectively; and g, is the coupling coefficient
between the optical and acoustic modes in the SBS process. The
output power of the cavity Brillouin laser can be thus calculated
from

P,.= K2|a2|2, (5)
with k, being the coupling rate between the tapered fiber and the
cavity of the Brillouin mode.

We are interested in the steady-state solutions of Eqs. (1)—(4)
by setting da, /dt = 0, da,/dt = 0, db/dt = 0, and dAT/dt = 0.
After some algebra, Eqs. (1)—-(4) are reduced to

. . 2 2
(—lAwp +ia,(|a,|” + |aa|”) — 77‘) a

[ 2 (6)
_IIAQmi% |a2| a, + \/K_lsin = Oa
(—iAa)b +im(|a;|” + |as|?) - %) a @
2
_iAQng,}iva lai|*a, = 0,

where, for simplicity, ¢y; = ¢y, = ¢y is assumed, and a; =
TrBicr and @, = 1rB,cr. To simulate the output Brillouin laser
with different input pump powers, we calculate and seek
the highest Brillouin laser output power under each pump
power with Egs. (6) and (7). To fit the measured Brillouin
laser power in Fig. 3, the theoretical calculation gives a; —
@, = 2nx22.8 kHz/pJ and w, - w, - Q,, = -2 x 78 MHz.
Other measured parameters are y, = 27t X 13.3 MHz, y, = 27t X
6.9 MHz, k, =2t x 7.8 MHz, k, =2t X 4.8 MHz, and v, =
27 X 140 MHz. Here, the v,, is measured by comparing the fre-
quency noise of the generated Brillouin laser and the pump light
when the transferred pump noise dominates [31]. In addition,
the coupling coefficient g, ~ 2.73 x 10'> Hz/J'/* is theoretically
derived from the models on the cavity Brillouin gain [14,22].
With the above parameters, we obtained the threshold of the
pump power to be approximately SOmW and the saturation
power of the Brillouin laser to be approximately 126 mW. As one
can see from Fig. 3, our theoretical curve matches exceedingly
well with the experimental data.

Based on the model described above, we attribute the satura-
tion behavior of our Brillouin laser to the interplay between the
Brillouin lasing and thermo-optic effect. Theoretically, since the
two optical modes in the Brillouin lasing process belong to dif-
ferent families, the strengths of the thermo-optic effect that they
experience become different. This in turn gives rise to different
spacing between the pump and Brillouin mode resonant fre-
quencies as the growth of the intracavity Brillouin laser power.
Such a change will alternatively result in the reduction of the
corresponding Brillouin gain. Consequently, the saturation of
the Brillouin laser output power will take place.

The performance of the demonstrated Brillouin laser is
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Fig. 4. (a) Measured Brillouin laser fundamental frequency noise
with different output Brillouin laser powers (dots). The error bars are
standard deviations of five measurements. Transferred noise from
the pump laser (dotted line), the theoretical ST-like fundamental fre-
quency noise (dashed line), and the overall fundamental frequency
noise (solid line). (b) Measured frequency noise at different pump
powers as marked with the corresponding colors in panel (a).

reported in Fig. 4, which shows the measured fundamental fre-
quency noise at different output Brillouin laser power. During
this measurement, the delay fiber is set at ~2.5 km in length for
better resolution [27]. To attain the Schawlow—Townes-like (ST-
like) fundamental frequency noise evolution of the Brillouin
microlaser along with the increase of the output of the Bril-
louin laser, we use a laser with a narrower linewidth (Toptica
CTL1550) as the pump source to minimize the noise cou-
pled from the pump laser. This pump laser has a fundamental
frequency noise of approximately 23 Hz?/Hz at its best perfor-
mance. In the measurement, the fundamental frequency noise
is measured at a range of input pump powers, while the cou-
pling conditions between the fiber taper and the microcavity
are fixed. In the meantime, the driven current of the diode is
also fixed whereas the pump power is controlled by the variable
optical attenuator (VOA), as shown in Fig. 2. The measured
results are plotted as dots in Fig. 4(a), where the error bars
are standard deviations for five consecutive measurements. As a
comparison, we also theoretically calculate the transferred fre-
quency noise from the pump laser, the ST-like frequency noise,
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and the overall fundamental frequency noise [31]. Also, due to
the backscattered pump being much lower than the generated
Brillouin laser (inset of Fig. 3), the frequency noise induced
from the backscattered pump can be safely neglected during our
measurement. As one can see, the measured fundamental fre-
quency noise clearly exhibits an inverse power dependency. The
deviation of the measured values from the theoretical curve may
arise from the phase-mismatch-induced linewidth enhancement
[32]. In this work, we have achieved the minimum fundamen-
tal frequency noise of 78 mHz-Hz/Hz at the maximum output
power, corresponding to a fundamental linewidth of 245 mHz.

In summary, we have successfully demonstrated a chip-based
Brillouin microlaser with intriguing features of high output
power and low noise at the 1550-nm wavelength using a micro-
toroid resonator. The obtained output power is as high as
126 mW, a record for the chip-based Brillouin microlaser. Of
importance, we observed that the laser output power is lim-
ited by the thermo-optic-effect-induced mode mismatch with
increased pump power. This suggests that the output power can
be further enhanced by reducing the thermal nonlinearity in
the microresonator via enlarging the mode volume or anneal-
ing the sample to lower its thermal absorption. Note that a
waveguide-integrated-microtoroid scheme [33] is promising for
practical applications. We expect such a high-power Brillouin
microlaser will find more practical applications in many areas
such as atomic physics, gyroscopes, light detection and ranging
(LIDAR), and integrated nonlinear photonics.
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