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Optical frequency combs (OFCs) are essential in precision metrology, spectroscopy, distance
measurement, and optical communications. Significant advances have been made recently in achieving
micro-OFC devices based on parametric frequency conversion or electro-optic phase modulation. Here, we
demonstrate a new kind of microcomb using a cavity optomechanical system with giant oscillation
amplitude. We observe both optical and microwave frequency combs in a microtoroid resonator, which
feature a flat OFC with 938 comb lines and a repetition rate as low as 50.22 MHz, as well as a flat
microwave frequency comb with 867 comb lines. To generate such giant oscillation amplitude, we excite an
overcoupled optical mode with a large blue detuning that is assisted with the thermo-optic nonlinearity. A
new type of nonlinear oscillation, induced by competition between the optomechanical oscillation and
thermo-optic nonlinearity, is also observed.
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Introduction.—Optical frequency combs (OFCs) are
widely used in optical metrology, precision spectroscopy,
optical clock and radio frequency (rf) photonics [1,2].
Such frequency combs can be generated by mode-locked
femtosecond lasers [3,4], electro-optic (EO)modulation of a
continuous-wave laser [5], or parametric oscillations
with intrinsic material nonlinearities (e.g., Kerr microcomb)
[6,7]. In comparison to the traditional mode-locked OFCs
[3,4], the Kerr microcombs typically exhibit high repetition
rates and are suitable for on-chip integration [5–7], which
make them desirable for coherent optical communications
[8], ultrafast optical ranging [9], and astronomical spectro-
graph calibration [10,11], as well as low-noise microwave
and terahertz generations [12,13]. Nevertheless, OFCs with
lower repetition rates (< 1 GHz) are desirable for certain
applications such as high-resolution spectroscopy [14,15],
sensing [16], pump source for generating multiphoton
entangled states [17], and high-power supercontinuum
generation [18]. Although OFCs with such low repetition
rates can be easily obtained in traditional mode-locked laser
frequency combs using Ti:sapphire or fiber lasers, it would
be challenging for the chip-based optical microcombs (Kerr
[6,7] or EO microcombs [19]) to have such low repetition
rates, since the optical microresonators have to be very large
while maintaining very high-quality (high-Q) factors.
Recently, a Kerr soliton microcomb with the repetition rate
as low as 1.859 GHz has been reported using a 35-mm-
diameter silica microdisk resonator [20].

Parallel to the OFCs, frequency combs in the microwave
region (i.e., microwave frequency comb, MFC) can be used
in multichannel microwave radars [21], arbitrary waveform
generations [22], and Doppler reflectometry [23]. So far,
MFCs have been realized by various methods, such as
using a frequency-locked semiconductor laser [24,25] or
focusing ultrafast laser pulses onto a tunneling junction
[26]. In spite of the broadband and narrow linewidth of
these demonstrations [25,26] on MFCs, they are subject to
complicated setups.
At the same time, optomechanical effects based on

microresonators have promised a variety of potential
applications in the past decade [27,28]. Among them,
several schemes to produce OFCs via the generations of
high-order harmonics of mechanical modes were theoreti-
cally proposed [29–32]. Different from the optical Kerr
frequency combs, the repetition rate of the optomechanical
OFC does not directly depend on the microcavity size but
on the mechanical oscillation frequency, which makes it
promising for the generations of chip-based OFCs with
lower repetition rates. However, to date, OFCs based on
such optomechanical oscillations have only been observed
experimentally with very limited comb lines [33,34] due to
the small mechanical oscillation amplitude. One big chal-
lenge for demonstrating OFC in the cavity optomechanical
systems stems from the appearance of chaos [35–39] with a
high pump power. In addition, optomechanical oscillation
has also been demonstrated for rf harmonics (i.e., MFC)
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generations [40–43]. Although the optomechanical MFC
with a bandwidth up to 6.9 GHz has been obtained [43],
both the spectra of the optomechanical generated OFC [34]
and MFC are not flat and have limited comb lines, which
further limit their applications [14–16,21,22].
Here, we experimentally and theoretically demonstrate

the generations of both OFC and MFC via giant opto-
mechanical oscillation (OMO) in a high-Q chip-based
silica microresonator. We have achieved a flat OFC
with 938 optical comb lines and a repetition rate of
50.22 MHz. By properly operating the optical mode, we
have successfully inhibited the emergence of optomechan-
ical chaos even at a very high input pump power. Also, a
narrow-linewidth and flat MFC is obtained with a comb
span as broad as 43.5 GHz. Additionally, we have exper-
imentally observed and theoretically explained a new kind
of dynamical phenomenon caused by the competition
between the OMO and the thermo-optic nonlinearity in
the microresonator.
Results.—The schematic diagram of the cavity opto-

mechanical system [33] is shown in Fig. 1(a). A fiber-
taper-coupled high-Q silica whispering-gallery-mode
microcavity is employed as an optomechanical platform.
The mechanical oscillation is driven by exciting a high-Q
optical mode with a blue-detuned pump. In our model, the

cavity optomechanical dynamics is further regulated by
thermo-optic effect [44]. The optical mode, the mechanical
displacement, and the average temperature difference
evolve following the equations (see the Supplemental
Material [45]).

da
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κ
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Here, a is the amplitude of the optical field in the cavity
(jaj2 represents the cavity energy); ΔωL ¼ ωL − ω0 is the
frequency detuning between the pump laser frequency ωL
and the resonant cavity frequency ω0. x is the displacement
of the cavity, ΔT is the average temperature difference
between the optical field location and the surrounding, and
G ¼ −∂ω0=∂x is the optomechanical coupling coefficient
between the mechanical mode and the optical modes.
κ ¼ κ0 þ κe is the total optical decay rate with κ0 and κe
being, respectively, the intrinsic decay rate and the external
coupling decay rate between the cavity and the tapered
fiber, while sin is the amplitude of the input pump field. Γm,
m, and Ωm are, respectively, the intrinsic mechanical decay
rate, effective mass, and the resonant frequency of the
mechanical oscillator. βT is the coefficient of the resonant
frequency drift induced by temperature variation, γT is the
thermal relaxation rate of the resonator, and cT ¼ αTγT=βT
characterizes the thermo-optic effect with light absorption
(αT is the coefficient of frequency drift induced by light
absorption). To acquire the form of OFC, we assume that
the displacement xðtÞ carries out a sinusoidal motion [51];
i.e., xðtÞ ¼ X0 þ X1 sinΩmt, where X0 and X1 are, respec-
tively, the mean value and the amplitude of the mechanical
oscillation displacement. The solution of the optical field
amplitude in the cavity can be written as a Fourier series,
aðtÞ ¼ P

k ake
ikΩmt with
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X∞
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where ak stands for kth optical sideband, JnðβÞ is the nth
order Bessel function of the first kind, and β ¼ GX1=Ωm is
defined as the effective mechanical amplitude of the OMO.
Δωeff ¼ ωL − ωc is the effective pump frequency detuning
[52] under the consideration of thermo-optic effect and ωc
denotes center resonant frequency of the oscillating cavity
[Fig. 1(b)].
Based on Eq. (4), the span of the OFC can be approx-

imately estimated to be 2βΩm, which is proportional to the
mechanical oscillation amplitude. Therefore, to generate
more sidebands, one of the practical methods is to enhance

FIG. 1. Schematic diagram and principle of the OFC generation
with giant optomechanical oscillation. (a) Schematic diagram of
optomechanical frequency comb. (b) Illustration of optomechan-
ical frequency comb span expansion assisted by thermo-optic
effect. Left: cavity spectrum. I, static cavity; II, oscillating cavity;
III, oscillating cavity with thermo-optic effect. Right: correspond-
ing OFC spectra.
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the amplitude of the mechanical oscillation by directly
increasing the pump power. Here, we demonstrate that
broader optical combs can be obtained with a large blue-
detuned pump at certain optical power. This large blue
frequency detuning is achieved by the interplay between
the OMO and thermo-optic nonlinearity. The physical
pictures of such interplay and OFC generation are depicted
in Fig. 1(b). When the system operates below the oscil-
lation threshold, the transmission spectrum of the optical
mode exhibits a symmetric Lorentzian profile [Fig. 1(b),
curve I]. However, when above the threshold, the displace-
ment of the mechanical oscillator will modulate the optical
mode by periodically expanding and compressing the
microcavity through dynamic backaction [53]. Thus, this
periodic but highly nonlinear modulation gives rise to many
harmonics around the pump frequency at ωL þ kΩm, where
k ¼ �1;�2;…. Once the mechanical oscillation is estab-
lished, the transmission spectrum of the optical mode will
be broadened [Fig. 1(b), curve II], and several comb lines
will appear in the frequency domain. Then, due to the
optical energy difference between the static and the
oscillating cavity modes, the accumulated heat due to
photon absorption (i.e., thermo-optic effect) in the cavity
will induce a redshift for the cavity resonance, which
results in an increase of the effective pump detuning.
According to our theoretical model, we find that gradually
increasing the effective pump detuning will amplify the
mechanical amplitude due to the increased optical radiation
pressure for an oscillating cavity [54,55] [also see the
Supplemental Material [45], Figs. S1(a) and S1(b)]. Owing
to the enhanced mechanical oscillation, more sidebands are
generated and the oscillating cavity spectrum is further
broadened [Fig. 1(b), curve III].
The experimental setup for the generation of the OFC

is shown in Fig. S8 of the Supplemental Material [45].
Here, we use a chip-based silica microtoroid cavity
(Supplemental Material [45], Sec. IV) with a diameter of
61.3 μm. The measured intrinsic optical Q factor is
1.13 × 108, and the mechanical Q factor is 5473 for a
radial-breathing mode of 50.08 MHz. To enlarge the
mechanical oscillation amplitude, the optical mode is
deeply overcoupled with a total optical decay rate appro-
ximately equaling the mechanical oscillation angular fre-
quency (Supplemental Material [45], Sec. III) by reducing
the gap between the fiber taper and the microcavity. Note
that this coupling condition makes our system not work in
the resolved-sideband regime, which is also helpful to
avoid the radiation pressure induced chaos [35]. By
exciting the overcoupled optical mode with a large blue-
detuned pump, we achieve an optomechanical OFC with
938 comb lines under a pump power of 448 mW [Fig. 2(a)].
The typical OFC output is detected by an optical spectrum
analyzer with a spectral resolution of 5 MHz. In the
frequency range from −30.5 to −7.5 GHz [Fig. 2(a)], over
450 comb lines are observed within 10 dB power variation,

which indicates the high spectral flatness of the generated
OFC. This flatness feature can be mainly attributed to
the high optical Q factor of the silica microcavity
(Supplemental Material [45], Sec. III). By importing the
optical signal into a fast photodetector (38 GHz) followed
by an oscilloscope (10 GHz) and an electrical spectrum
analyzer (43.5 GHz), we can experimentally generate and
detect a broadband MFC that is resulted from the beat notes
of the OFC teeth. Because of the large oscillation amplitude
of the mechanical oscillator and the flat spectrum of the
generated OFC [Fig. 2(b)], we have achieved a MFC that
exhibits 867 comb lines with a span of about 43.5 GHz
[Fig. 2(b)], which is much broader and flatter than the one
reported in the previous work [43]. Owing to the high-Q
factor of the mechanical mode and giant mechanical
oscillation [56], the linewidths (full width at half maxi-
mum) of the MFC teeth are very narrow. The measured
linewidth is as narrow as 1.09 Hz [Fig. 2(d)] for the first
comb line, 6.24 Hz for the 20th comb line, and 4.12 kHz for
the 600th comb line (Supplemental Material [45],
Fig. S11). The repetition rate of the MFC is equal to that
of the OFC, since both rely solely on the mechanical
oscillation frequency. To further characterize our OFC, we
have also measured the phase noise and Allan deviations of
the repetition rate (Supplemental Material [45], Sec. V),
which indicate the high performance of our OFC.
Moreover, we have performed detailed numerical simula-
tions on the generated spectra of the OFC and MFC based
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FIG. 2. Representative curves of the observed optomechanical
frequency comb and its experimental characterizations. (a) Typ-
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pulse train. (d) The measured rf spectrum of the oscillated
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on our model (Supplemental Material [45], Fig. S5), which
agree very well with the experimentally measured results.
To better understand the optomechanical combs, we

carefully monitor the evolutions of the OFC and MFC
spectra, as well as the corresponding transmission spectra
of the probe light, by selecting different pump frequencies,
as shown in Figs. 3(a)–3(c), at a fixed pump power of
14.4 mW. The measured optical and rf spectra are presented
in Figs. 3(a) and 3(b), respectively. In Fig. 3(a), by
increasing the pump frequency, more OFC comb lines
appear at the longer wavelength side of the pump light,
which stems from the increased blue pump detuning
caused by thermo-optic effect [Supplemental Material
[45], Fig. S1(b)]. Accordingly, more spectral lines emerge
in the spectrum of MFC [Fig. 3(b)]. The corresponding
transmitted optical power signals at different pump
frequencies are presented in Fig. 3(d). During the pump
frequency increasing, the output signal first shows a
sinusoidal-like waveform and then gradually changes to
be a train of decay peaks with only one series per period
[57]. This temporal behavior of having a single series of
decay peaks is different from the previously predicted
results [29,58] that exhibit two main peaks per period under
high power pump. To characterize such optomechanically
oscillating cavity, we further measure the transmission
spectrum of the cavity by launching a counterpropagating
probe light into the microcavity. Figure 3(c) displays the
transmission spectra of the probe light, which shows a

series of overlapped resonant dips [54,59] instead of a
single resonant dip belonging to the static cavity.
Numerical studies on the comb evolutions are also carried
out (Supplemental Material [45], Fig. S6), which led to
excellent matches with our experimental results.
In the experiment, we have also investigated the depend-

ence between the number of the generated optical comb
lines and the total cavity decay rate with a fixed pump
power (37.5 mW) by changing the coupling distance
between the fiber taper and the microcavity. As shown
in Fig. 4(a), the number of generated comb lines increases
first with increasing total decay rate and then gradually
decreases as the total decay rate becomes larger than a
value (∼2π × 51 MHz) close to the mechanical oscillation
angular frequency, which agrees with the theoretical
(Supplemental Material [45], Sec. III) and numerical
analyses. In addition, the OFC generation also depends
on the input pump power. To achieve a broadband OFC, we
have carefully examined the evolution of the OFC in terms
of different pump powers with optimized pump frequencies
while keeping the coupling strength (κ ∼ 2π × 60 MHz)
between the fiber taper and the microcavity fixed.
Figure 4(b) shows the number of the generated comb lines
as a function of input pump power, which increases with the
growing pump power and agrees well with the numerically
simulated results. Such a relationship offers a promising
way to further expand the comb span with a high pump
power. In the experiment, we have demonstrated the
wavelength tunability of our OFCs with a total working
span of 1.42 nm (Supplemental Material [45], Fig. S12) by
controlling the temperature of the sample and using differ-
ent optical modes, which indicates that our OFC may be
useful for frequency-agile dual-comb spectroscopy [60].
During the measurement, the optomechanical chaotic effect
[35,37] is not observed, which may be due to the strong
overcoupling of the optical mode and the large Q factor of
the mechanical mode.
Additionally, we intriguingly observed a new dyna-

mical phenomenon (Fig. 5) with another optical mode
[Supplemental Material [45], Figs. S8(d)–S8(f)] of the
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same sample in a certain pump frequency region, named
optomechanical-thermo-oscillation (OMTO) here, which is
caused by the competition between OMO and thermo-optic
nonlinearity (see the Supplemental Material [45] for details,
Sec. I). This OMTO can be considered as a slow-fast
dynamic process [61], since the response of OMO is much
faster than that of the thermal dynamics. We have further
identified clearly distinguishable slow and fast oscillation
periods [Figs. 5(a) and 5(b)] in this OMTO. The slow
period of the recorded OMTO is in the range from several
milliseconds to tens of milliseconds in the experimental
observations, which is related to the thermal relaxation time
of the sample and the pump detuning. The fast period is
equal to the mechanical oscillation period of about
19.96 ns. The corresponding numerical simulations on
the OMTO are shown in Figs. 5(c) and 5(d), which agree
well with the experimental results.
Conclusions.—We have demonstrated the generations of

both optical and microwave frequency microcombs in the
same cavity optomechanical system. Using optomechanical
effects to generate microsized OFCs and MFCs has added a
new platform to produce versatile and highly integrated
frequency combs. Owing to the giant mechanical oscil-
lation amplitude induced by large blue-detuned pump, we
have obtained an OFC with 938 comb lines and a MFC
with 867 comb lines with a 50.22-MHz repetition rate in a
chip-based microresonator. Also, we have demonstrated the
wavelength tunability of our OFC. Despite the relatively
narrow optical spectrum observed here, the bandwidth of
our OFCs is already enough (or close to) for certain
unique applications such as single comb atomic spectros-
copy [15], dual-comb molecular spectroscopy [60,62],
refractive index sensors [16], and pump sources for gen-
erating multiphoton entangled states [17]. In fact, the

spectral range can be expanded by further optimizing the
parameters of the system, such as increasing both the
optical and mechanical Q factors and decreasing the
effective motional mass. The generated microwave fre-
quency microcombs with high coherence and broad band-
width may find applications in microwave communications
or specific waveform generation.

We thank Professor Kerry Vahala for helpful discussions.
This research was supported by the National Key R&D
Program of China (2016YFA0302500, 2017YFA
0303703), the National Natural Science Foundation of
China (NSFC) (61922040), Guangdong Major Project of
Basic and Applied Basic Research (2020B0301030009),
and the Fundamental Research Funds for the Central
Universities (021314380189).

*Y. H. and S. D. contributed equally to this work.
†jxs@nju.edu.cn

[1] T. Udem, R. Holzwarth, and T.W. Hänsch, Optical fre-
quency metrology, Nature (London) 416, 233 (2002).

[2] T. J. Kippenberg, R. Holzwarth, and S. A. Diddams, Micro-
resonator-based optical frequency combs, Science 332, 555
(2011).

[3] D. J. Jones, S. A. Diddams, J. K. Ranka, A. Stentz, R. S.
Windeler, J. L. Hall, and S. T. Cundiff, Carrier-envelope
phase control of femtosecond mode-locked lasers and direct
optical frequency synthesis, Science 288, 635 (2000).

[4] R. Holzwarth, T. Udem, T.W. Hänsch, J. C. Knight, W. J.
Wadsworth, and P. S. J. Russell, Optical Frequency Synthe-
sizer for Precision Spectroscopy, Phys. Rev. Lett. 85, 2264
(2000).

[5] A. Parriaux, K. Hammani, and G. Millot, Electro-optic
frequency combs, Adv. Opt. Photonics 12, 223 (2020).

[6] T. J. Kippenberg, A. L. Gaeta, M. Lipson, and M. L.
Gorodetsky, Dissipative Kerr solitons in optical micro-
resonators, Science 361, eaan8083 (2018).

[7] A. L. Gaeta, M. Lipson, and T. J. Kippenberg, Photonic-
chip-based frequency combs, Nat. Photonics 13, 158
(2019).

[8] J. Pfeifle et al., Coherent terabit communications with
microresonator Kerr frequency combs, Nat. Photonics 8,
375 (2014).

[9] P. Trocha et al., Ultrafast optical ranging using micro-
resonator soliton frequency combs, Science 359, 887
(2018).

[10] E. Obrzud et al., A microphotonic astrocomb, Nat. Pho-
tonics 13, 31 (2019).

[11] M.-G. Suh et al., Searching for exoplanets using a micro-
resonator astrocomb, Nat. Photonics 13, 25 (2019).

[12] J. Li, X. Yi, H. Lee, S. A. Diddams, and K. J. Vahala,
Electro-optical frequency division and stable microwave
synthesis, Science 345, 309 (2014).

[13] W. Liang, D. Eliyahu, V. S. Ilchenko, A. A. Savchenkov, A.
B. Matsko, D. Seidel, and L. Maleki, High spectral purity
Kerr frequency comb radio frequency photonic oscillator,
Nat. Commun. 6, 7957 (2015).

2010 30 400
0

0.5

1.0

2010 30 400

0 10 20 30 40 50 60 0 10 20 30 40 50 60

Po
w

er
 (a

rb
. u

ni
ts

)

0

0.5

1.0

0

0.5

1.0

0

0.5

1.0

10

20

30

40

0

0

50
0

50

50

0

Po
w

er
 (m

W
)

Po
w

er
 (m

W
)

Po
w

er
 (a

rb
. u

ni
ts

)
(a)

(b)

(c)

(d)
)sm( emiT)sm( emiT

)sn( emiT)sn( emiT

FIG. 5. Time traces of the OMTO. (a),(b) Experimental results
(a) in the slow timescale and (b) three typical snapshots in the fast
timescale. (c),(d) Numerical results. The calculated time trace
with slow timescale is shown in (c), while three fast time traces
[corresponding to the marked times in (c)] are shown in (d).

PHYSICAL REVIEW LETTERS 127, 134301 (2021)

134301-5

https://doi.org/10.1038/416233a
https://doi.org/10.1126/science.1193968
https://doi.org/10.1126/science.1193968
https://doi.org/10.1126/science.288.5466.635
https://doi.org/10.1103/PhysRevLett.85.2264
https://doi.org/10.1103/PhysRevLett.85.2264
https://doi.org/10.1364/AOP.382052
https://doi.org/10.1126/science.aan8083
https://doi.org/10.1038/s41566-019-0358-x
https://doi.org/10.1038/s41566-019-0358-x
https://doi.org/10.1038/nphoton.2014.57
https://doi.org/10.1038/nphoton.2014.57
https://doi.org/10.1126/science.aao3924
https://doi.org/10.1126/science.aao3924
https://doi.org/10.1038/s41566-018-0309-y
https://doi.org/10.1038/s41566-018-0309-y
https://doi.org/10.1038/s41566-018-0312-3
https://doi.org/10.1126/science.1252909
https://doi.org/10.1038/ncomms8957
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