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By generating a Brillouin laser in an optical microresonator, we realize a soliton Kerr microcomb
through exciting the Kerr frequency comb using the generated Brillouin laser in the same cavity. The
intracavity Brillouin laser pumping scheme enables us to access the soliton states with a blue-detuned input
pump. Because of the ultranarrow linewidth and the low-noise properties of the generated Brillouin laser,
the observed soliton microcomb exhibits narrow-linewidth comb lines and stable repetition rate. Also, we
demonstrate a low-noise microwave signal with phase noise of —49 dBc/Hz at 10 Hz, —130 dBc/Hz at
10 kHz, and —149 dBc/Hz at 1 MHz offsets for a 10.43 GHz carrier with only a free-running input pump.
The easy operation of the Brillouin-Kerr soliton microcomb with excellent performance makes our scheme

promising for practical applications.
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Owing to the advantages of the soliton frequency comb
[1,2] in microresonators such as broad spectrum span, high
repetition rate as well as on-chip integration, the soliton
microcombs have been widely used in coherent optical
communications [3], low-noise microwave signal gener-
ation [4—6], dual-comb spectroscopy [7,8], ultrafast optical
ranging [9,10], astronomical spectrometer calibration
[11,12], optical coherence tomography [13], optical fre-
quency synthesizer [14], and optical atomic clock [15].
Although the soliton microcombs have many promises and
have been achieved in several material platforms [1,2,16],
they usually need special techniques to stably approach the
soliton states due to the large thermo-optic nonlinearity in
high-Q microcavity and red-pump-detuning requirement
[17] for soliton generation. Also, despite the fact that
soliton generation has been stably accessed in SizNy
microresonators that have extremely low thermal absorp-
tion [18] by just using a slow laser tuning method [19],
complicated deposition and thermal annealing procedures
are normally required to achieve such low thermal absorp-
tion loss in Si3Ny. So far, a number of schemes including
power kicking [20,21], fast thermal tuning [22], pulsed
laser driving [23], single sideband modulation [24], and
using an auxiliary laser [25-27] have been used to fast tune
the laser frequency or compensate the thermo-optic effect
in high-Q optical microresonators. However, most of those
methods require additional optical and electrical compo-
nents, which make the soliton generation complicated and
difficult for full on-chip integration.

In addition to the parametric nonlinearity that is used
for Kerr soliton microcomb generation [1,2], stimulated
Brillouin scattering (SBS) [28] is another interesting
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nonlinear optical effect in high-Q optical microresonators.
In previous work, due to the high gain and narrow band of
the SBS process, the SBS effect in microcavity has been
used for producing on-chip ultranarrow linewidth laser
[29,30], which further leads to the applications in
Brillouin gyroscope [31] and low-noise microwave signal
generation [32]. Despite the fact that the simultaneous
presence of Brillouin laser and parametric oscillation were
demonstrated in fiber Fabry-Perot (FP) cavity [33], micro-
bottle [34], as well as microbubble cavities [35], yet no
soliton microcomb with Brillouin lasing has been observed
so far. Very recently, multisoliton Kerr comb was realized in
a large size fiber cavity with intracavity multiple-wavelength
Brillouin lasers [36]. However, no detail theoretical analysis
was provided and the single-soliton operation was not
observed.

In this Letter, we report a new approach for efficient
generation of the soliton microcomb in a high-Q micro-
resonator by producing a narrow-linewidth Brillouin laser
first and then using this intracavity Brillouin laser to
generate the Kerr frequency comb in the same cavity
[Fig. 1(a)]. By properly selecting the mode spacing
between the pump and Brillouin modes in combination
with the Kerr self-phase modulation, we can achieve a red-
detuned Brillouin laser with a blue-detuned input pump,
which results in long soliton steps and enables stable access
to the single soliton state by simply tuning the laser piezo.
In addition, this approach is capable of self-stabilizing the
system because of the thermo-optic nonlinearity [37]. This
new type of soliton Kerr microcomb features narrow-
linewidth comb lines and stable repetition rate. Besides,
in this work we have further realized a low-noise
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FIG. 1. (a) Schematic diagram of Brillouin-Kerr soliton fre-
quency comb. (b) Photograph of the 6.3-mm-diameter disk
resonator. (c) Illustration of red-detuned Brillouin laser with
Kerr self-phase modulation. Dash orange curve, cavity response
of Brillouin mode with Kerr self-phase modulation. See more
details in Fig. S1 of the Supplemental Material [38].

microwave signal based on the generated Brillouin-Kerr
soliton microcomb.

In the experiment, a 6.3-mm-diameter silica microdisk
resonator [Fig. 1(b)] with a thickness of 8 yum was
fabricated using the previously established method [43].
The measured loaded Q factors for the Brillouin mode and
the pump mode are 4.44 x 107 [Fig. 2(b)] and 8.42 x 10°,
respectively, and their corresponding intrinsic Q factors
are 5.63 x 107 and 3.07 x 10”. As shown in Fig. 2(a), the
measured free spectral range of the Brillouin mode is
10.43 GHz, and the mode spacing between the pump mode
and the Brillouin mode used for the Brillouin-Kerr soliton
microcomb generation is 10.70 GHz.

In order to generate the Brillouin-Kerr frequency comb,
the Brillouin mode and its corresponding mode family
should exhibit anomalous group velocity dispersion while
the pump mode and its corresponding mode family do not
need to satisfy this requirement. Also, for the formation of a
bright soliton, the generated Brillouin laser should be red
detuned relative to the cavity mode [17,44], which can be
ensured by the Kerr self-phase modulation effect of the
Brillouin laser with a certain mode space between the pump
and the Brillouin modes (see Supplemental Material [38],
Sec. II). In the experiment, we first set the input pump laser
to a relatively high power and scan the laser frequency with
a speed of 243 MHz/ms. During the pump frequency
tuning, the Brillouin lasing will occur first with a far blue-
detuned input pump [Figs. 2(c) and 2(d)]. Figures 2(e) and
2(f) show, respectively, the measured optical spectrum of
the Brillouin laser and rf spectrum of the beat note between
the backscattered pump laser and the generated Brillouin
laser before the formation of the Brillouin-Kerr comb. Note
that the beat note here is different from the mode spacing
[Fig. 2(a)] between the pump mode and Brillouin mode
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FIG. 2. (a) Typical transmission spectrum of the microresona-

tor. (b) The transmission spectrum of the Brillouin mode. (c) The
transmission power spectra of the pump laser, comb, and the
backward laser (including reflected pump laser, Brillouin laser,
and comb) at a pump power of 167 mW. (d) Close-up of
transmission power spectra of the comb and backward laser,
respectively. (e) The optical spectrum of backward laser before
the comb generation. (f) The radiofrequency (rf) spectrum of the
beat note between the reflected pump laser and Brillouin laser
with a 10 kHz resolution bandwidth (RBW).

measured with a low optical power, since the pump and
Brillouin modes, belonging to different transverse mode
families, experience different redshifts under higher input
pump power. As shown in Figs. 2(c) and 2(d), by gradually
decreasing the frequency of the input pump, we can
observe distinct soliton steps of the Brillouin-Kerr comb
when the input pump laser is blue detuned, which indicates
that the generated Brillouin laser is red detuned with respect
to the Brillouin cavity mode [17]. Since the frequency of
the generated Brillouin laser is insensitive to the fluctuation
of input pump laser frequency [45] [also see Eq. (1) and
Fig. S2(b) in Supplemental Material [38] ], the experimen-
tally obtained soliton steps are significantly broadened to
dozens of MHz, which is much wider than that achieved in
the previous work [20] with a silica microdisk resonator.
The observation of the soliton steps with a blue-detuned
input pump (although the Brillouin laser is red detuned)
implies that the generated Kerr solitons can be thermally
self-stable [37] even with the red-detuned Brillouin laser
excitation (see Supplemental Material [38], Secs. IV
and V). It is interesting to note that the observed soliton
steps exhibit a “step-up” (the number of the solitons
gradually increases with increasing pump wavelength)
phenomenon, which is different from the previously
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observed Kerr solitons [17]. This “step-up” phenomenon is
attributed to the special line shape of the intracavity
Brillouin laser power with the input pump frequency
detuning that is induced by the interaction between the
input pump and the generated Brillouin laser [45,46] (also
see Supplemental Material [38], Sec. II). As a result, the
intracavity Brillouin laser power will increase when
increasing the pump wavelength. According to our numeri-
cal simulation, this interaction also extends the thermal
self-stability of the pump into the red-detuning region (see
Supplemental Material [38], Sec. IV).

To see how the generated Brillouin laser is red detuned
and the soliton steps are broadened, we consider the phase-
matching condition of the SBS process in a Kerr nonlinear
cavity and obtain the frequency detuning of the Brillouin
laser (see Supplemental Material [38], Sec. II for details):

P _ / /!
Awy o = wpg —0_o = Awy, o+ Awy, (1)

where AwZ,O = _[}/m/(ym + y—)}92|a—,0|2 and AwZ,OZ
[/ (r+7 )l (Awg+A,). Here, Awp=a,—w_ o~
is the resonant frequency mismatch among the three modes:
@, (pump), w_  (Brillouin), and ), (acoustic), and Aw, =
w, — w, represents pump laser detuning. @, and @y, are
the pump and Brillouin laser frequencies, respectively. y,,
and y_ represent the decay rates of the acoustic and
Brillouin modes, respectively. g, is the Kerr nonlinear
coupling coefficient and a_, is the amplitude of the
Brillouin laser. As shown in Eq. (1), the frequency shift
of the Brillouin laser originates from two contributions,
Awy, and Awy, [Fig. 1(c)], which are, respectively,
determined by the Kerr self-phase modulation and the
SBS processes. According to a previous study [17,44], the
generation of the bright Kerr solitons requires a red-
detuned pump. In the case of our Brillouin-Kerr solitons,
this requirement implies |Aw), | > Aw) ;. On one hand, in
the limit of y, > y_, we find Aw), ~ —g,|a_o|> and
Awy o= (7-/ym)(Awy + Aw,). As a result, for Aw,
we expect the redshift of the resonant Brillouin mode
due to the self-phase modulation would give rise to an
equivalent redshift on the Brillouin laser [Fig. 1(c)]. In this
way, it makes a red-detuned Brillouin laser feasible easily
in the cavity. On the other hand, Awj, , is determined by the
frequency mismatch among the three modes plus the pump
frequency detuning weighted by a small factor y_/y,, < 1.
This suggests that the large pump detuning modulation
merely gives a small frequency shift for the Brillouin laser,
because of the relatively small variation of |a_p|>. With
these, we conclude that this property is crucial for broad-
ening the soliton steps when scanning the frequency of the
input pump.

Owing to the wide soliton steps of the Brillouin-Kerr
soliton microcomb, we can gradually access to the soliton
states by manually adjusting the piezo of the input laser. In
the measurements, by gradually tuning the frequency of the
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FIG. 3. (a) The optical spectra of different soliton states. I, II,

and III show the measured optical spectra and fitted envelopes of
the three-soliton state, two-soliton state, and single-soliton state,
respectively. Insets show the relative positions of solitons
circulating in the microdisk. (b) The rf spectra of the correspond-
ing soliton repetition frequency in (a). (c) Measured dispersion
D, for the mode family of Brillouin mode. (d) Autocorrelation
trace (AC trace) and autocorrelation function of sech? fitting for
the single-soliton state in (a).

input pump laser into the soliton steps, multisoliton states
can then be generated subsequently. After that, we use the
backward-tuning method [47] to reduce the number of
solitons until the single soliton is observed. As shown in
Fig. 3(a), the blue curves represent the measured optical
spectra of different soliton states with a repetition rate of
10.43 GHz. The orange curves show the fittings for the
corresponding soliton states using the method described in
Ref. [48]. The orange curve in III of Fig. 3(a) gives the
single-soliton envelope of sech? fitting for a soliton pulse
width of approximately 170 fs. The deviations between the
fitting curves and the measured optical spectra at the blue
side are due to the avoided mode crossing-induced dis-
persive wave [49,50] that is consistent with the measured
dispersion [Fig. 3(c)]. Figures 4(a) and 4(b) show the
measured optical spectrum of the generated soliton with a
high resolution and spectrum of the forward propagating
signal, respectively, which indicates that the cascaded
Brillouin laser is not generated and the optical parametric
oscillation process only occurs in the mode family of the
Brillouin mode. To further confirm the single soliton state
of the Brillouin-Kerr microcomb, we also performed
autocorrelation measurement of the generated pulses.
Figure 3(d) shows the measured autocorrelation trace with
a pulse width of 231 fs, which is close to the result indicated
from the optical spectrum. Also, the measured linewidth of
the generated microwave signal [Fig. 3(b)] is as narrow as
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FIG. 4. (a) Close-up spectrum for the single-soliton state in

Fig. 3(a) with 2 pm resolution nearby the Brillouin laser.
(b) Forward optical spectrum for the single-soliton state in
Fig. 3(a). (c) Single-sided frequency noise spectra of the pump
laser, the Brillouin laser below parametric oscillation threshold,
as well as the Brillouin laser and a comb line (1551.69 nm) with a
single-soliton state. The dash-dotted lines represent the white-
frequency-noise levels. The corresponding fundamental line-
widths are also indicated.

6 Hz which is much narrower than the previously reported
results [17,20]. To explain the generation of the Brillouin-
Kerr soliton microcomb, we have developed a theoretical
model (see Supplemental Material [38], Secs. I and V) by
fully taking into account the nonlinear four-wave mixing
and SBS processes, as well as the interaction between them,
which matches well with our experimental results. To
characterize the linewidths of the Brillouin-Kerr comb
lines, we carried out frequency noise measurements for
the pump laser, the Brillouin laser below parametric
oscillation threshold, as well as the Brillouin laser and a
comb line (1551.69 nm) with a single-soliton state by using
the correlated delayed self-heterodyne method [S1]. As
shown in Fig. 4(c), the fundamental linewidths determined
from the white noise are 21.7 Hz for the Brillouin laser and
23.5 Hz for the measured comb line with a single-soliton
state, respectively, which are much narrower than the
fundamental linewidth of the pump laser. This result
indicates that the linewidths of the comb lines are depen-
dent on the generated Brillouin laser rather than on the
pump laser [52], since here the intracavity Brillouin laser is
used for the microcomb generation while the pump laser is
used only for the Brillouin laser generation. Also, a small
difference of the measured Brillouin laser linewidths can be
found before and after the comb generation, which may
result from the different pump detunings in these two
processes [53].
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FIG. 5. (a) Single sideband (SSB) phase noise of the soliton

repetition rate. (b) Allan deviation of the soliton repetition rate
measured with 0.01 s gate time.

Because of the narrow linewidths of the comb lines and
the thermal stability of the Brillouin-Kerr soliton, the
demonstrated microcomb allows us to produce a low-noise
microwave signal with a free-running pump laser. In the
previous works, both the Brillouin laser [32] and Kerr
soliton microcombs [4-6,54] have been demonstrated for
the generation of low-noise microwave signal. Those works
typically employed active lock approaches, such as injec-
tion locking [5,6,54], Pound-Drever-Hall locking [5,6,54],
and phase-lock loop [32], which require relatively complex
optical and electrical components. In contrast, here by
combining the advantages of both the Brillouin laser and
the soliton microcomb generated in the same high-Q cavity,
we realize a low-noise microwave signal generation using
only a free-running pump laser. As one noticeable advan-
tage, this setup makes the chip-integration of the system
easy for practical microwave photonics applications. In the
experiment, to measure the phase noise of the soliton’s
repetition rate, we filtered out the reflected pump laser and
the Brillouin laser with two fiber Bragg grating filters and
an optical fiber isolator, and then photomixed the frequency
comb with a fast photodiode (see Supplemental Material
[38], Fig. S5). Figure 5(a) shows the measured phase noise
of the repetition rate of the Brillouin-Kerr solitons in the
regions of single-soliton and two-soliton states, respec-
tively, with optimized pump detunings. The obtained phase
noise for the two-soliton state is —49 dBc/Hz at 10 Hz,
—67 dBc/Hz at 100 Hz, —88 dBc/Hz at 1 kHz,
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—130 dBc/Hz at 10 kHz, —146 dBc/Hz at 100 kHz, and
—158 dBc/Hz at 20 MHz. Although the phase noise at low
frequency offset is limited by the free-running pump
laser, the achieved phase noise at high frequency offset
(10 kHz—5 MHz) is even better or comparable to the result
obtained in crystal resonator with self-injection locking [4].
Also, to the best of our knowledge, this achieved phase
noise is already lower than that achieved in silica microdisk
resonator using a single-mode dispersive wave at a 22 GHz
carrier frequency [55]. The frequency stability of the
repetition rate is characterized by the Allan deviation, as
shown in Fig. 5(b). The measured frequency stability for
the two-soliton state is 7.5 x 1079 at 1 s and 2.1 x 107 at
100 s average time, respectively. We attribute this high
stability of the repetition rate to the insensitivity of
the generated intracavity Brillouin laser to the frequency
fluctuation of pump laser [see Eq. (1) and Refs. [29,45,56] ]
and the thermal self-stability of the Brillouin-Kerr soliton.
Note that the bump at 0.5 s average time in Fig. 5(b) may be
caused by the mechanical vibrations of the measurement
system, which can be avoided by photonic packaging
technique [5].

In conclusion, we have experimentally and theoretically
demonstrated a Brillouin-Kerr soliton microcomb with
narrow-linewidth comb lines and stable repetition rate.
In contrast to the previous work with a red-detuned pump,
our approach with blue-detuned pump makes the system be
thermally self-stabilized. We have also obtained the ultra-
low-noise microwave signal based on this soliton micro-
comb with only a free-running pump laser. For practical
applications, to ensure the generation of the Brillouin-Kerr
solitons with a fixed repetition rate, the mode space
between the pump and Brillouin modes can be engineered
by controlling the thickness and wedge angle of the
microdisk resonator while keeping the diameter of the
microcavity fixed. Our scheme should also be applicable to
other material platforms such as crystal and silicon nitride
resonators [30,57], where both Kerr soliton and Brillouin
nonlinearity have already been separately demonstrated. In
particular, our approach can be adapted in the midinfrared
wavelength range where the narrow-linewidth pump laser is
limited. Moreover, turn-key operation [58] for such ther-
mally self-stabilized Kerr soliton microcomb from the
current scheme will be beneficial for future applications.
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