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a b s t r a c t 

Lasers differ from other light sources in that they are coherent, and their coherence makes them indispensable 
to both fundamental research and practical application. In optomechanical cavities, photon and phonon lasing 
is facilitated by the ability of photons and phonons to interact intensively and excite one another coherently. 
The lasing linewidths of both phonons and photons are critical for practical application. This study investigates 
the lasing linewidths of photons and phonons from the underlying dynamics in an optomechanical cavity. We 
find that the linewidths can be accounted for by two distinct physical mechanisms in two regimes, namely the 
normal regime and the reversed regime, where the intrinsic optical decay rate is either larger or smaller than 
the intrinsic mechanical decay rate. In the normal regime, an ultra-narrow spectral linewidth of 5.4 kHz for 
phonon lasing at 6.22 GHz can be achieved regardless of the linewidth of the pump light, while these results 
are counterintuitively unattainable for photon lasing in the reversed regime. These results pave the way towards 
harnessing the coherence of both photons and phonons in silicon photonic devices and reshaping their spectra, 
potentially opening up new technologies in sensing, metrology, spectroscopy, and signal processing, as well as 
in applications requiring sources that offer an ultra-high degree of coherence. 
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. Introduction 

As the strongest and most tunable nonlinear interaction, the photon-
honon interaction can be harnessed in both classical and quantum
egimes [1] . Brillouin scattering, which results from interactions be-
ween photons and travelling acoustic phonons, has shown considerable
otential for high-coherence and ultra-low-noise oscillation owing to the
nique lasing dynamics of stimulated Brillouin scattering (SBS) [2–4] .
BS in ordinary optical materials such as glass has facilitated a range
f technological applications in metrology [5] , sensing [ 6 , 7 ], and signal
rocessing [ 8 , 9 ]. However, achieving SBS in silicon, the fundamental
aterial underlying photonic integrated circuits, is challenging because

he acoustic wave in a silicon waveguide irreversibly radiates into the
ilica cladding layer. Specifically, Brillouin lasing [10] and modulation
11] are possible only through the use of silicon waveguides that are
everal centimetres long and suspended in air [ 12 , 13 ]. It is technically
hallenging to build such structures, which are important for laser tech-
ologies based on silicon [10–13] . 

Photon-phonon interactions can be greatly enhanced by optome-
hanical cavities [ 14 , 15 ]. Such cavities have facilitated the demonstra-
ion of many significant phenomena [16–19] . For example, phonon
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asers, which are mechanical analogues of photon lasers, have attracted
onsiderable attention owing to their underlying intriguing physics [20–
3] and unprecedented capability for ultra-precise sensing [ 24 , 25 ]. The
inewidth limit of phonon lasers is theoretically predicted to follow a
chawlow–Townes form, similar to that of photon lasers [26] . In addi-
ion, the optomechanical limit cycle theory [27] has been developed as
n efficient tool for studying the physics of lasing dynamics, providing
nalytical solutions of the phonon linewidth with thermal noise in the
ormal regime [28] . For cavity optomechanical systems, this theory has
uccessfully explained the dynamical multistability phenomenon [29] ,
mplitude noise suppression [30] , and phase noise using linear approxi-
ation of the Langevin equation [28] . Despite these significant theoret-

cal advances, the phase noise of the pump light, which severely limits
he realisation of ultra-narrow linewidth for photon and phonon lasers
n practice, has not been considered in theoretical studies thus far. 

Phase noise, which varies inversely with oscillator energy in accor-
ance with the classical theory, has been experimentally observed with
honon lasers [ 31 , 32 ]. Other experimental studies have shown that,
fter phonon lasing, the photons scattered by phonons exhibit coher-
nt light conversion [33] . Such coherent conversion is not only impor-
ant in the quantum regime [16] but also indicates that optomechan-
.cn (Y. Huang) . 

Ai Communications Co. Ltd. This is an open access article under the CC 

https://doi.org/10.1016/j.fmre.2022.10.008
http://www.ScienceDirect.com
http://www.keaipublishing.com/en/journals/fundamental-research/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fmre.2022.10.008&domain=pdf
mailto:kaiyucui@tsinghua.edu.cn
mailto:yidonghuang@tsinghua.edu.cn
https://doi.org/10.1016/j.fmre.2022.10.008
http://creativecommons.org/licenses/by-nc-nd/4.0/


J. Xiong, Z. Huang, K. Cui et al. Fundamental Research 3 (2023) 37–44 

i  

e  

r  

m  

s  

h  

l  

fi  

l  

t  

t  

a  

o  

t  

a  

a
 

a  

t  

c  

i  

g  

a  

T  

p  

f  

p  

f  

I  

t  

t  

1  

T  

w  

p  

l  

2

2

 

w  

w  

d  

G  

v  

t  

a  

s

2

 

l  

w  

S  

b  

s

2

 

c  

n  

m  

Fig. 1. Schematic of photon/phonon lasing. The pump photons (shown in or- 
ange, 𝜔 0 ), which are coupled to the cavity with a tapered fiber, are transferred to 
the scattering photons (shown in red, including the high-order scattering light), 
and they excite the phonons (shown in blue). The photon with frequency 𝜔 n 
represents the scattering photon converted from the pump photon by releasing 
n phonons. 
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cal cavities may offer a solution for reshaping the spectra and coher-
nce of both photons and phonons, which can be used in the fields that
equire highly coherent sources. Coherent photon-phonon interactions
ay also complement silicon-based Brillouin lasers [ 10 , 34 ]. The optical

elf-oscillation and true line narrowing to the Schawlow–Townes limit
ave been reported to require the reversed dissipation regime in Bril-
ouin lasers [35] . However, in contrast to a previous study [36] , we
nd that high-coherence and ultra-low-noise oscillation for the scattered

ight in optomechanical cavities is counter-intuitively unattainable in
he reversed regime, which is because linearized optomechanical equa-
ions are used in the previous study (Supplementary S1-S2) and this
pproach expires in the reversed regime. Since the linewidth features
f photon and phonon are critical to a wide range of practical applica-
ions, it is necessary to reanalyse the lasing dynamics with phase noise
nd take nonlinear nature of the optomechanical system into consider-
tion. 

This study revealed the lasing linewidths of photons and phonons in
 cavity optomechanical system. The lasing dynamics considering both
he pump noise and the thermal noise are explored by a general limit
ycle theory without linearisation approximation. For simplicity, the las-
ng phenomena are explained in both normal and reversed regimes. The
eneral expressions of the analytical solutions for the lasing linewidth
re obtained, which are in good agreement with the numerical analysis.
he linewidth-narrowing mechanism can be explained on the basis of a
hase-noise-following scenario, and the ultra-narrow spectral linewidth
or phonon lasing can be realised regardless of the linewidth of the
ump light. However, such results are counterintuitively unattainable
or photon lasing, which differs significantly from a Brillouin system.
n a silicon-based optomechanical crystal (OMC) cavity, we experimen-
ally observe phonon lasing of frequency up to 6.22 GHz, with the scat-
ering photon stimulated at a communication-relevant wavelength of
533.9 nm. The optomechanical coupling rate of the cavity is 1.9 MHz.
he observed linewidth of the excited phonon decreases to 5.4 kHz,
hich is four orders of magnitude narrower than the linewidth of the
ump light, whereas the linewidths of the scattering photon and pump
ight are similar, which is in agreement with our theoretical predictions.

. Methods 

.1. Simulation of the lasing dynamics 

The differential evolution equations of the optomechanical systems
ere solved numerically using the Runge–Kutta method. The time step
as set to 0.01 of the mechanical period. To emulate the Gaussian noise
ue to the thermal force as well as the phase noise of the pump light,
aussian-distributed stochastic quantities were introduced that were in-
ariant in the same step and changed between different steps. To ob-
ain the power spectra in the frequency domain, the optical amplitude
nd displacement in the time domain were Fourier-transformed, and the
quare norms were applied. 

.2. Fabrication of the lasing cavity 

The patterns of the cavities were first defined by electron beam
ithography and then transferred to a silicon-on-insulator (SOI) wafer
ith a device layer of 220 nm by inductively coupled plasma etching.
ubsequently, the buried oxide layers beneath the cavities were removed
y wet etching with buffered hydrofluoric acid to form the suspended
tructures. 

.3. Measurements 

A tunable laser light source was used. The cavities were optically
oupled using a tapered fiber, and the output was split into two chan-
els. One port was connected to a low-frequency (kHz) optical power
onitor, from which the optical spectrum was obtained by sweeping
38 
he wavelength of the laser. The other port was connected to a high-
requency (12.5 GHz) optical receiver, and its output was connected to
n electrical spectrum analyser to obtain the mechanical spectra (Sup-
lementary S10). 

To conduct the lasing experiment, we blue-detuned the tunable laser,
.e. we set the wavelength of the laser below the cavity wavelength. To
liminate the effect of the optical frequency shift of the cavity owing
o thermal noise, the wavelength of the tunable laser was tuned to de-
iver the highest power in the electrical spectrum analyser for each input
ower, ensuring a fixed detuning between the pump and the cavity (Sup-
lementary S7). For example, because the ratio between the mechanical
requency and the total optical decay rate ( Ωm ∕ 𝜅) was 0.21 for the OMC
avity, the largest signal from the electrical spectrum analyser was ob-
ained when the ratio between the optical detuning and the total optical
ecay rate ( Δ∕ 𝜅) was 0.31. 

. Results 

.1. Lasing dynamics of phonons and scattering photons 

In a cavity optomechanical system, the light interacts with the me-
hanical motion, which affects the effective mechanical damping rate.
hen we blue-detune the pump light and increase its power, the ef-

ective mechanical damping can be not only reduced to zero but also
hanged to amplification. Accordingly, coherently self-sustained oscil-
ation, i.e. phonon lasing, and stimulated photon scattering can occur
ith coherent light conversion. The combination of phonon lasing and

timulated photon scattering is shown in Fig. 1 . The experimental data
n this figure indicate that large energy accumulation of phonons and
hotons will occur simultaneously if the pump power exceeds the laser
hreshold (Supplementary S1). 

For the cavity optomechanical system, the interaction Hamiltonian
etween a photon and a phonon can be written as − ℏ𝑔 0 ̂𝑎 

†𝑎̂ ( ̂𝑏 † + ̂𝑏 ) ,
here ℏ is the reduced Planck constant, 𝑔 0 is the vacuum optomechani-

al coupling strength, and 𝑎̂ ( ̂𝑎 †) and ̂𝑏 ( ̂𝑏 †) are the annihilation (creation)
perators of photons and phonons, respectively [37] . Based on this in-
eraction Hamiltonian, the evolution equations of the cavity system can
e derived in the semi-classical regime as 

̇  = ( 𝑖 Δ − 𝜅∕2) 𝑎 + 𝑖𝑔 0 ( 𝑏 ∗ + 𝑏 ) 𝑎 + 

√
𝜅ex 𝑠 in (1)

̇
 = −( 𝑖 Ω + Γ∕2) 𝑏 + 𝑖𝑔 |𝑎 |2 + 

√
Γ𝑏 (2)
m 0 th 
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(  
here 𝑎 is the optical amplitude in the cavity; Δ represents the laser
etuning from the cavity resonance, i.e. 𝜔 0 - 𝜔 1 , where 𝜔 1 is the optical
ngular frequency of the cavity and 𝜔 0 is the angular frequency with
hich the frame rotates with the pump laser; 𝜅 is the total decay rate of

he optical mode; 𝜅ex is the optical coupling rate between the optical in-
ut channel and the cavity; 𝑏 is the mechanical amplitude that satisfies
 = 𝑥 zpf ( 𝑏 + 𝑏 ∗ ) , where 𝑥 is the displacement of the mechanical cavity
nd 𝑥 zpf denotes the zero-point fluctuation displacement; Ωm represents
he intrinsic angular frequency of the mechanical mode; Γ is the decay
ate of the mechanical mode; 𝑏 th is the noise of the mechanical oscil-
ator owing to the thermal fluctuations in the environment, which is
xpressed as 𝑏 th = 

√
𝑛 th 𝑊̇ = 

√
𝑘 B 𝑇 ∕ ℏ Ωm 𝑊̇ , where 𝑛 th is the number of

honons in the thermal equilibrium state 𝑘 B is the Boltzmann constant,
 denotes temperature, and 𝑊 is the standard Wiener process [38] ; and
 in is the amplitude of the pump light [ 39 , 40 ]. As the intensity noise can
e ignored for a typical single-mode laser, the linewidth of the pump
aser originates from the phase noise [ 34 , 41 ]. Thus 𝑠 in = |𝑠 in |𝑒 𝑖𝜀 p , where
 p = 

√
𝑣 p 𝑊 and 𝜈p = var ( ̇𝜀 p ) is the angular frequency linewidth of the

ump laser [42] . 
According to the limit cycle theory, the scattering photons and

honons in the cavity can be written in the form of a Fourier series ex-
ansion, i.e. 𝑏 = 𝐵 c + 𝐵𝑒 − 𝑖 Ωm 𝑡 and 𝑎 = 

∑
n 
𝛼n 𝑒 

𝑖𝑛 ⋅Ωm 𝑡 , where 𝐵 c represents

he equilibrium position of the mechanical vibration and 𝐵 is the nor-
alised complex amplitude of the mechanical vibration (including the

mplitude 𝐵 0 and the phase 𝜙, i.e. 𝑏 = 𝐵 c + 𝐵 0 𝑒 
𝑖𝜙𝑒 − 𝑖 Ωm 𝑡 ). Here, we con-

ider that the mechanical vibration mode with multiple frequencies of

m usually has a large dissipation rate such that only the first harmonic
erm is retained [28] . Further, 𝛼n is the normalised complex amplitude
f photons with different frequencies 𝜔 n in the cavity, i.e. 𝛼n = 𝐴 n 𝑒 

𝑖𝜀 n 

 𝐴 n is the amplitude of the optical field and 𝜀 n is the corresponding
hase). The subscript 𝑛 implies that the scattering photon with index 𝑛
omes from the pump photon after releasing 𝑛 phonons. For instance,

0 ( 𝐴 0 𝑒 
𝑖𝜀 0 ) represents the normalised complex amplitude of the photon

ith frequency 𝜔 0 . By applying Fourier series expansion of a and b to
qs. 1 and 2 , the equations for analysing the phase dynamics can be
btained (Supplementary S3). 

̇ = 

𝑀Γ
2 

cos 
(
𝜙 + 𝜀 1 − 𝜀 0 

)
+ 

√
Γ⟨𝐵 0 ⟩ 𝑏 th sin (Ωm 𝑡 − 𝜙) (3)

̇  1 = Δ̃ − Ωm + 

𝑀𝜅

2 
cos 

(
𝜙 + 𝜀 1 − 𝜀 0 

)
(4)

̇  0 = Δ̃ + 𝑔 0 

⟨ 

𝐵 0 𝐴 1 
𝐴 0 

⟩ 

cos 
(
𝜙 + 𝜀 1 − 𝜀 0 

)
+ 

√
𝜅ex ||𝑠 in ||⟨𝐴 0 ⟩ sin 

(
𝜀 p − 𝜀 0 

)
(5)

The above-mentioned equations are the phase reduction equations,
hich are often used to analyse the phase evolution and synchronisation
henomena in the self-sustained oscillating system [43] . Here, 𝑀 is a
onlinear factor that characterises the strength of the pump and Δ̃ rep-
esents the equivalent detuning. When the system is lasing, the phonon
hase 𝜙, the scattering photon phase 𝜀 1 , and the pump light phase 𝜀 p 
eed to be synchronised (Supplementary S3–2). In this paper, we in-
roduce this phase synchronisation condition to solve Eqs. 3 –5 . Based
n the phase reduction equations, the angular frequency linewidths of
he phonon ( 𝜈m ) and the scattering photon ( 𝜈s ) can be obtained from the
ariance of the derivative of phase: 𝜈m = var ( 𝜙̇) and 𝜈s = var ( ̇𝜀 1 ) . We need
o consider only the random variables, namely 𝜙, 𝜀 0 , 𝜀 1 , 𝑏 th , and Δ̃ on
he right-hand side of Eqs. 3 –5 , as the constant terms do not affect the
inewidth. First, we analyse the influence of Δ̃. The fluctuation strength
f Δ̃ can be derived as follows (Supplementary S3–1): 

̃ = Δ + 2 𝑔 0 Re 
[
𝐵 c 

]
= Δ + 𝜒 (2) 

∑||𝑎 n ||2 (6)
 b  

39 
∼
Δ = 

∼
Δ − ⟨∼Δ⟩ = 2 𝜒 ( 2 ) 

∑
𝐴 n 𝛿𝐴 𝑛 ⋅

(
keep the first − order fluc tuat ion term 

)
= 2 𝜒 ( 2 ) (𝐴 1 𝛿𝐴 1 + 𝐴 0 𝛿𝐴 0 

)
⋅
(
use the side band reso lved assu mpti on 

)
= 2 𝜒 ( 2 ) [( Γ∕ 𝜅) 𝐵 0 𝛿𝐵 0 + 𝐴 0 𝛿𝐴 0 

]
⋅
(

use the ener gy cons erva tion rela tion 𝐴 1 ∕ 𝐵 0 = 

√
Γ∕ 𝜅

)
(7) 

It can be concluded from Eq. 6 that Δ̃ comes from the random jit-
er of the equilibrium position 𝐵 c , which is determined by the radia-
ion pressure. Hence, Δ̃ is associated with the intra-cavity field strength|𝑎 n |2 and is thus affected by the fluctuation of the intra-cavity field
ntensity. From the expression of Δ̃, 𝛿Δ̃ can be derived as Eq. 7 . Here,
(2) = 2 𝑔 2 0 ∕Ωm is the equivalent Kerr nonlinear coefficient [27] , which

ndicates the influence of the field intensity on the effective cavity
ength. Further, 𝛿𝐴 n = 𝐴 n − ⟨𝐴 n ⟩ represents the amplitude noise of the
th-order scattering photon. When there are fluctuations in the field in-
ensity, the equivalent cavity length will undergo random jitter. As the
mplitude noise in the limit cycle oscillator is suppressed [30] , only the
rst-order fluctuation term needs to be retained. 

It can be seen that the effective detuning 𝛿Δ̃ is directly associated
ith the dissipation rate Γ∕ 𝜅. For the normal regime ( Γ ≪ 𝜅), the ratio
f Γ∕ 𝜅 is considerably small; hence, we can ignore the first term. More-
ver, the pump strength 𝐴 0 can also be ignored because a phonon with
 sufficiently low dissipation rate requires only a low-power pump to
chieve lasing. Note that in this regime, treating Δ̃ as a constant is a
ommon strategy [37] . Through the analysis presented above, we con-
lude that 𝛿Δ̃ can be ignored in the normal regime. However, the situa-
ion is different for the reversed regime. In this case, we can still ignore
 0 because there is only one dominant optical mode 𝜔 1 in this regime

36] (see Supplementary Information Fig. S2 for details). However, the
rst term in Eq. 7 cannot be ignored owing to the large ratio of Γ∕ 𝜅.
ence, the fluctuation in the effective detuning 𝛿Δ̃ will be remarkable

n the reversed regime. As the effects of 𝛿Δ̃ on the linewidth character-
stics are different in the two regimes, we will discuss these two regimes
eparately. In addition, we will directly solve the temporal stochastic
ifferential equation for Eqs. 1 and 2 numerically without any approxi-
ation to validate our theoretical results. 

Normal regime ( Γ ≪ 𝜅): As the mechanical decay rate is much
maller than the optical decay rate, the phonons can be accumulated
ore effectively compared with the photons. Thus, Δ̃ can be treated as
 constant, i.e. Δ̃ ≈ Δ, which can be derived from Eq. 6 as well when the
itter of the intra-cavity light field strength 

∑|𝑎 n |2 is negligible. Under
his condition, we obtain the linewidths of both the scattering photons
nd the phonons by solving the phase reduction Eqs. 3 –5 (Supplemen-
ary S3–3-1): 

s = 𝜈mT + 

𝜈p 

( 1 + Γ∕ 𝜅) 2 
(8)

m = 𝜈mT + 

𝜈p 

( 1 + 𝜅∕Γ) 2 
(9)

mT = 

Γ𝑛 th 
2 𝑛 

(10) 

The linewidth expression above is divided into two parts. One part
s the linewidth of the Schawlow–Townes (ST) type, 𝜈mT , which is in-
ersely proportional to the number of intra-cavity phonons 𝑛 . When the
atio of 𝑛 to the number of thermal equilibrium phonons 𝑛 th is large,
he broadening of the linewidth owing to thermal noise will be strongly
uppressed. The ST linewidth formula derived from our equations is con-
istent with that obtained by Kerry J. Vahala [26] . The other part is the
inewidth broadening owing to the phase noise of the non-ideal pump-
ng light source, which is similar to the linewidth in SBS [34] . Besides
he analytical expressions for the lasing linewidth, in the normal regime
 Γ ≪ 𝜅), we can also obtain the important relation 𝜀̇ 1 = Δ̃ − Ωm + ( 𝜅∕Γ) 𝜙̇
derived from Eqs. 3 and 4 by ignoring the thermal noise). Further,
y assuming that Δ̃ ≈ Ω , the simplified expression 𝜀̇ = ( 𝜅∕Γ) 𝜙̇ can be
m 1 
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Fig. 2. Simulated photon and phonon lasing results. (a)–(c) Spectra of the pump, scattering photon, and phonon (mechanical motion) after lasing. The linewidth 
values marked in the figure are obtained from the Lorentz fitting. Further, we use the derived analysis expressions (8), (9), and (13) to calculate the theoretical 
linewidths. They are consistent with the Lorentz fitting. Results obtained with a cavity in the normal regime ( Γ ≪ 𝜅) at a pump-laser linewidth of (a) 200 kHz and 
(b) 50 MHz. (c) Results of the cavity in the reversed regime ( Γ ≫ 𝜅) with a pump-laser linewidth of 100 kHz. (d) Phase fluctuation of the pump, scattering photon, 
and phonon after lasing in the normal regime ( Γ ≪ 𝜅) with a pump-laser linewidth of 200 kHz for the system represented in a. 
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btained. This is a good theoretical support for the approximation of
̇ ≪ 𝜀̇ 1 , which is widely used in the normal regime without detailed
heoretical explanation [ 27 , 30 , 44 ]. 

We also directly solve the temporal stochastic differential equation
or Eqs. 1 and 2 numerically, and we use Fourier transform to obtain
he spectrum in the frequency domain. The spectra are shown in Fig. 2 .

For the normal regime, Fig. 2 a shows the simulated spectrum of the
avity optomechanical system after lasing. The parameters were set as
∕2π = 30 GHz , Ωm ∕2π = 6 . 2 GHz , and Γ∕2π = 3 . 2 MHz , which were the
alues in our experiments. The linewidth of the pump light ( 𝜈p ∕ 2π) was

et to 2 . 0 × 10 2 kHz . We can see that after lasing, the spectral linewidth
f the scattering photon ( 𝜈s ∕ 2π) is around 2 . 0 × 10 2 kHz , which is nearly
he same as that of the pump light. By contrast, the spectral linewidth
f the phonon ( 𝜈m ∕2π), which is around 6.5 kHz, is much narrower than
hat of the pump light. The spectral linewidths are also calculated on the
asis of the analytical expressions of Eqs. 8 and 9 . The calculated 𝜈s ∕ 2π
nd 𝜈m ∕ 2π are about 206.35 kHz and 6.35 kHz, respectively, which are
n good agreement with the numerical analysis. 

These results indicate that the phonon linewidth is several orders
f magnitude narrower than that of the scattering photon for a cavity
ith Γ ≪ 𝜅 after lasing. To further understand the reason for this dif-

erence, the phase noise of the scattering photon and phonon was sim-
lated ( Fig. 2 d). We find that the scattering photon follows the phase
uctuations of the pump light, while the phonon preserves its phase be-
40 
ause the damping rate of the scattering photon is greater than that of
he phonon. We can also use the adiabatic approximation to understand
he transmission mechanism of the phase noise of the pump light. When
he phonon dissipation rate is extremely low, the phonon is nearly adia-
atic, which means that it needs nearly no assistance from the pump to
aintain its stability. Hence, the phase noise of the pump light cannot

e transmitted to the phonon, and the broadening of the phonon spec-
ral line can thus be ignored, which is also indicated by the narrowing
actor ( 1 + 𝜅∕Γ) 2 → ∞ in Eq. 9 . However, the scattering photon has a
arge dissipation rate and thus succeeds the phase fluctuations of the
ump light, which is shown by the narrowing factor ( 1 + Γ∕ 𝜅) 2 → 1 in
q. 8 . When the optomechanical cavity is at room temperature, for the
ormal regime ( Γ ≪ 𝜅), the thermal noise dominates the linewidth of
he phonon with an ST-type formula [26] . 

Note that phonon lasing can also be excited by a pump whose
inewidth is much greater than the intrinsic mechanical linewidth. For
nstance, the parameter setting for the simulation shown in Fig. 2 b is the
ame as that shown in Fig. 2 a, except that 𝜈p ∕ 2π was changed to 50 MHz,
hich was much greater than the intrinsic mechanical linewidth of
.3 MHz. As can be seen in Fig. 2 b, mechanical oscillation can also be
xcited by this high-noise pump light with a linewidth of 8.74 kHz, be-
ause the ST linewidth is dominant in this regime and the change in
he pump linewidth thus has a very small impact on the phonon. The
light broadening of the phonon linewidth is owing to the decrease of
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he phonon number, which is caused by the increased linewidth of the
ump. This ultra-narrow linewidth has considerable potential for appli-
ations in various fields such as high-precision sensing, high-quality fre-
uency references, frequency-coherent conversion [45] , and low-noise
honon sources [46] . 

Reversed regime ( Γ ≫ 𝜅): This spectral region is beyond the scope
f existing silicon-based microstructures because the required optical Q-
actor is rather high (typically, it needs to exceed 3.2 × 10 8 for a 6-GHz
echanical mode with a Q-factor of 1 × 10 3 and Γ∕ 𝜅 = 10 ). However,

his scenario can be realised in the microwave domain [47] . Neverthe-
ess, an important question is whether the scattering photon undergoes
inewidth narrowing similar to the phenomenon in the case of a Brillouin
aser regardless of the materials used or the design of the structures em-
loyed. 

To answer this question, we must re-examine the linewidth of the
cattering photon and phonon from Eqs. 3 to 5 by considering the influ-
nce of the equilibrium position. (a) The driving force (radiation pres-
ure) term of the mechanical vibration is the beat note of the scattering
ight and pump light, which is related only to their relative phase dif-
erence 𝜀 1 − 𝜀 0 . (b) The modulation due to the jitter in the equilibrium
osition is the same for every intra-cavity optical spectrum line. There-
ore, the random phase of the phonon, which is determined only by the
eat note of the optical line, will not be affected by such jitter and it
till satisfies Eq. 9 , which means that in the reversed regime ( Γ ≫ 𝜅),

m ≈ 𝜈p ∕ ( 1 + 𝜅∕Γ) 2 + 𝜈mT . This conclusion can also be drawn from the in-
eraction picture, i.e. the jitter in the equilibrium position can modulate
he phase of the photons by the scattering process, but there is no di-
ect interaction between the mechanical vibration and the cavity length.
ence, the phase of the phonons should not be affected. To further anal-
se the linewidth of the scattering photons, we define 𝜀̇ c = 𝛿Δ̃ represent-
ng the random phase diffusion due to the jitter of the equilibrium posi-
ion such that the original phase of the photons before perturbation by
he jitter can be separated, i.e. 𝜀̇ ′n = 𝜀̇ n − 𝜀̇ c . In this manner, Eqs. 4 and
 can be reduced to (Supplementary S3–3-2) 

̇  ′1 = 

⟨
Δ̃
⟩
− Ωm + 

𝑀𝜅

2 
cos 

(
𝜙 + 𝜀 1 − 𝜀 0 

)
(11)

̇  ′0 = 

⟨
Δ̃
⟩
+ 𝑔 0 

⟨ 

𝐵 0 𝐴 1 
𝐴 0 

⟩ 

cos 
(
𝜙 + 𝜀 1 − 𝜀 0 

)
+ 

√
𝜅ex ||𝑠 in ||⟨𝐴 0 ⟩ sin 

[
( 𝜀 p − 𝜀 c ) − 𝜀 0 

]
(12) 

If ( 𝜀 p − 𝜀 c ) is considered to be the pseudo pump phase, when we
gnore 𝛿Δ̃ in Eqs. 3 –5 , the form of Eqs. 3 , 11 , and 12 is similar to that
f Eqs. 3 –5 . Thus, we can use the same method as that for the normal
egime to obtain the linewidth formula. Combining the relation 𝜈m ≈
mT + 𝜈p ∕ ( 1 + 𝜅∕Γ) 2 derived above, we obtain (Supplementary S3–3-2) 

s = 𝜈mT + 2 𝜈p + 𝜈p ∕ ( 1 + Γ∕ 𝜅) 2 ≈ 𝜈mT + 2 𝜈p (13)

m = 𝜈mT + 

𝜈p 

( 1 + 𝜅∕Γ) 2 

⋅
(
phon on line width form ula is the same in both regi mes 

)

mT = 

Γ𝑛 th 
2 𝑛 

⋅
(
ST line width form ula is the same in both regi mes 

)
In the reversed regime ( Γ ≫ 𝜅), owing to the strong jitter in the equi-

ibrium position, the phase noise of the pump can be transmitted to the
cattering photons, which overcomes the adiabatic approximation of the
cattering photons. Thus, even if the intensity of the intra-cavity scat-
ering photons is high when the system is lasing, the scattering pho-
on linewidth 𝜈s cannot reach the ST limit, which implies that the self-
urifying spectral line of the scattering photons, similar to that exhibited
n SBS of the photon laser regime, is impossible to achieve in optome-
hanical cavities. Further, if we accidentally ignore the jitter in the equi-
ibrium position (high-order terms of the interaction Hamiltonian), we
41 
an, by contrast, conclude that the spectral line can be narrowed to the
T limit [36] . This discrepancy is counterintuitive when compared with
he Brillouin system, because there is no equilibrium position for the
ravelling acoustic wave in the Brillouin system. 

The numerically simulated spectrum after lasing for a cavity optome-
hanical system with Γ ≫ 𝜅 in the reversed regime is shown in Fig. 2 c.
ere, we set 𝜅∕2π = 6 . 5 MHz , Γ∕2π = 197 MHz , and 𝜈p ∕ 2π = 100 kHz

n the simulation. As shown in Fig. 2 c, 𝜈s ∕ 2π and 𝜈m ∕ 2π, with sim-
lated values of about 285 kHz and 178 kHz, respectively, are both
roader than the linewidth of the pump light. From Eqs. 9 to 13 , the
alculated linewidths 𝜈s ∕ 2π and 𝜈m ∕ 2π are 285.8 kHz and 185.8 kHz
 𝜈mT ∕ 2π = 85 . 8 kHz ), which indicates that the theoretical analysis is well
onsistent with our simulation results. 

To summarise the lasing dynamics, we find that the linewidth of
hoton and phonon lasing can be explained and analysed with refer-
nce to two distinct physical regimes ( Γ ≪ 𝜅 and Γ ≫ 𝜅). For the nor-
al regime ( Γ ≪ 𝜅), the linewidth of the phonon is much narrower than

hat of the pump laser, and the ultra-low-noise mechanical signal can be
xcited even with a high-noise pump light whereas the linewidths of the
cattering photon and pump light are similar. This linewidth-narrowing
echanism is similar to that of the Brillouin laser, except that the roles

f the phonon and the scattering photon are reversed, as the typical Bril-
ouin system satisfies the Γ ≫ 𝜅 condition. Meanwhile, for the reversed
egime ( Γ ≫ 𝜅), the linewidths of both the scattering photon and the
honon are broader than the linewidth of the pump light. The coun-
erintuitive linewidth of the scattering photon originates from the jitter
n the equilibrium position of the optomechanical cavity system and it
iffers significantly from that of the Brillouin system. 

.2. OMC cavity with acoustic radiation shield 

An OMC cavity with an acoustic radiation shield was fabricated to
emonstrate the photon and phonon lasers in practice. An oblique view
f a scanning electron microscope (SEM) image of the structure is shown
n Fig. 3 a. The confinement mechanism of this structure is different
rom that of conventional OMC cavities, where the optical and mechan-
cal modes are simultaneously confined by the same periodic structure
48] . As the mechanical frequency of this structure exceeds the phononic
andgap of nanobeam periodic structures, the nanobeam periodic struc-
ures of this OMC cavity can only confine the optical mode. By contrast,
he acoustic radiation shield shown in Fig. 3 b confines the mechanical
ode as its phononic bandgap covers the mechanical frequency (Sup-
lementary S4). Thus, the optical and mechanical modes are separately
onfined by two types of structures. This confinement mechanism is used
o overcome the design constraints of the optical and mechanical prop-
rties [49] . This flexible design by separate confinement mechanism can
e used in many research areas, for instance, intrinsic defect induced Eps
50–52] and phonon sensing [25] , etc. Benefit from the flexible design,
he mechanical frequency of the cavity reaches 6.22 GHz while the op-
ical mode is maintained at 1533.9 nm. The intrinsic optical Q-factor
nd mechanical Q-factor in an ambient environment are 8.5 × 10 3 and
.0 × 10 3 , respectively, which are indicated by the optical transmission
pectrum and the mechanical spectrum as shown in Fig. 3 c and d. 

In addition, owing to the design flexibility offered by the separate
onfinement of the optical and mechanical modes in the hetero struc-
ure, we were able to demonstrate a strong optomechanical coupling.
he measured optomechanical coupling rate (g 0 /2 𝜋) of the cavity was
.9 MHz, which is the highest amongst reported optomechanical systems
Supplementary S5). 

.3. Phonon lasing and stimulated scattered photon 

We demonstrate phonon lasing using the fabricated OMC cavity in
ilicon in the normal regime with Γ ≪ 𝜅. As mentioned above, for an
ptomechanical cavity with Γ ≪ 𝜅, low-noise mechanical motion can
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Fig. 3. (a) Oblique view and (b) top view of the scanning electron microscope (SEM) image of the OMC cavity with an acoustic radiation shield. (c) Optical and (d) 
mechanical spectra of the OMC cavity. (e) Transverse electric component of the cavity optical mode. (f) Displacement of the cavity mechanical mode. 
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e excited by a high-noise pump light. Thus, this regime has consid-
rable potential for low-phase-noise applications. When we blue-detune
he pump light with a linewidth of 2.0 × 10 2 kHz and increase its power,
ronounced thresholds for both photons and phonons can be observed.
ig. 4 a shows the normalised number of phonons in the cavity as a func-
ion of the coupled optical power. Here, the number of phonons is nor-
alised to the number of phonons excited by the thermal environment,
hich is 1.01 × 10 3 at room temperature. Owing to the effective con-
nement of the optical and mechanical modes and the strong interaction
etween them in the OMC cavity, the threshold of the reduced optical
ower is 503 μW. Beyond this threshold, the number of phonons in the
echanical mode increases sharply, as shown in Fig. 4 a, and the me-

hanical linewidth can be suppressed from 3.2 to 5.2 kHz, as shown
n Fig. 4 b, corresponding to an effective mechanical Q-factor of up to
.2 × 10 6 . We further analyse the suppressed mechanical linewidth and
nd that it follows the ST limit form as shown in Fig. 4 b (Supplementary
6). The spectra of the spontaneous and stimulated phonon and scatter-
ng photon are shown in Fig. 4 b. These experimental results are in good
greement with the aforementioned conclusion that the mechanical-
asing linewidth is much narrower than the linewidth of the pump laser.

Because the mechanical motion is characterised by the optical beat
ote between the scattering light and the pump light, the power of the
cattering light can also be inferred (Supplementary S7). Fig. 4 a shows
he power of the scattering light versus the coupled optical power. Sim-
lar to the phonon number, the power of the scattering light increases
harply when the reduced pump power is beyond the threshold. In ad-
ition, because the linewidth of the beat signal changes from 3.2 MHz
o 5.2 kHz and the linewidth of the pump laser itself is 2.0 × 10 2 kHz,
t can be inferred that the linewidth of the scattering light is suppressed
rom around 3.2 MHz to 2.0 × 10 2 kHz, which is consistent with our
heoretical prediction. 
42 
In addition, we measured the phonon linewidth excited by a pump
aser with a linewidth of up to 50 MHz. The measured spectrum of the
ump photon is shown in Fig. 3 d. Although the linewidth of the pump
s much greater than the intrinsic linewidth of the mechanical motion
f 3.2 MHz, the linewidth of the excited phonon decreases to 5.4 kHz,
hich is four orders of magnitude narrower than the linewidth of the
ump light. This is in good agreement with the simulation prediction
hown in Fig. 2 b, i.e. the ultra-low-noise mechanical signal can be ex-
ited even with a high-noise pump light, whereas the linewidths of the
cattering photon and the pump light are similar. 

. Discussion and conclusion 

Our theoretical analysis explained the dynamics underlying the las-
ng behaviour of a cavity optomechanical system. For systems in the
ormal regime with Γ ≪ 𝜅, a high-noise pump laser can excite an ultra-
ow-noise mechanical oscillation, and the low-noise signal can be di-
ectly detected by a photon detector from the high-noise pump laser
ithout introducing additional noise. Moreover, the behaviour of the

avity optomechanical system is distinctly different from that of the
rillouin system in the reversed regime with Γ ≫ 𝜅, because the jitter

n the equilibrium position is considerable and it influences the system
ignificantly. The linewidth of the scattering photon is broader than the
inewidth of the pump laser. However, the phonon linewidth is consis-
ent with that of stimulated Brillouin scattering and it follows Eq. 9 . 

For experimental verification, we used a silicon-based OMC cavity
ith an acoustic radiation shield. We demonstrated both silicon-based
hoton and phonon lasers with phonon lasing at 6.22 GHz and scatter-
ng photon lasing at a wavelength of 1533.9 nm. The measured narrow
inewidths for photon and phonon lasing were consistent with our the-
retical predictions. 
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Fig. 4. Experimental demonstration of phonon lasing in the silicon-based OMC cavity. (a) Normalised number of phonons (blue) and output scattering light 
power (red) as a function of the coupled optical power (Supplementary S8). The inset shows the data below the threshold. It can be seen that lasing phonon and 
stimulated photon have an identical threshold (Supplementary S1). (b) Normalised power spectra of the spontaneous photon and phonon (green), stimulated photon 
(red), and stimulated phonon (blue) with a pump linewidth of 200 kHz (Supplementary S9). (c) Phonon linewidth as a function of the coupled optical power; the 
lasing zone is marked as a red gradient zone. The inset shows the calculated ST limit as a function of the coupled optical power. (d) Normalised power spectra of the 
stimulated photon (red) and the stimulated phonon (blue) with a pump linewidth of 50 MHz. 
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Our findings can pave the way towards photon and phonon lasers
ased on silicon, and they could enable researchers to meet the press-
ng need for new laser technologies for silicon-based photonic devices.
arnessing the coherence of photons and phonons in silicon devices
ould facilitate new applications in sensing, metrology, spectroscopy,
nd signal processing, thereby advancing the use of highly coherent
ources. 

Notably, our optomechanical-cavity-based scheme offers a footprint
f only 120 μm 

2 , i.e. around three orders of magnitude smaller than
hat required by the Brillouin system [10] , which requires a long op-
ical path of several centimetres. Moreover, an experimental measure-
ent [33] of the second-order correlation of scattering photon in OMC

avity (above phonon lasing threshold, 𝑔 2 (0) ∼ 1 ) suggests that the co-
erence of the stimulated photon is similar to a true photon laser, which
an be a superior substitute for stimulated Brillouin scattering. Owing
o the strong photon-phonon interaction in the OMC cavity, the thresh-
ld pump power required to achieve lasing is only 503 μW, which is
ower than that of the Brillouin system (7.5 mW) by an order of mag-
itude [10] . Furthermore, our OMC system is compatible with silicon
ntegrated devices, and it may provide an elegant approach for comple-
enting stimulated Brillouin scattering, which is not only the strongest

nd most tuneable nonlinear interaction with considerable potential
or high-coherence and ultra-low-noise oscillation but also particularly
hallenging to achieve on a silicon platform. 
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