Fundamental Research 3 (2023) 37-44

journal homepage: http://www.keaipublishing.com/en/journals/fundamental-research/

Contents lists available at ScienceDirect

Fundamental Research

Article

Phonon and photon lasing dynamics in optomechanical cavities N

Jian Xiong®™!, Zhilei Huang®>!, Kaiyu Cui®"™*, Xue Feng®P, Fang Liu®", Wei Zhang "<,

Yidong Huang %"

Check for
updates

2 Department of Electronic Engineering, Tsinghua University, Beijing 100084, China
b Beijing National Research Center for Information Science and Technology, Beijing 100084, China
¢ Beijing Academy of Quantum Information Science, Beijing 100193, China

ARTICLE INFO

Article history:

Received 8 July 2022

Received in revised form 12 September 2022
Accepted 5 October 2022

Available online 25 October 2022

Keywords:

Nonlinear optics
Optomechanical Crystal
Cavity optomechanics
Phonon lasing

Limit cycle

ABSTRACT

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.

1. Introduction

As the strongest and most tunable nonlinear interaction, the photon-
phonon interaction can be harnessed in both classical and quantum
regimes [1]. Brillouin scattering, which results from interactions be-
tween photons and travelling acoustic phonons, has shown considerable
potential for high-coherence and ultra-low-noise oscillation owing to the
unique lasing dynamics of stimulated Brillouin scattering (SBS) [2—4].
SBS in ordinary optical materials such as glass has facilitated a range
of technological applications in metrology [5], sensing [6,7], and signal
processing [8,9]. However, achieving SBS in silicon, the fundamental
material underlying photonic integrated circuits, is challenging because
the acoustic wave in a silicon waveguide irreversibly radiates into the
silica cladding layer. Specifically, Brillouin lasing [10] and modulation
[11] are possible only through the use of silicon waveguides that are
several centimetres long and suspended in air [12,13]. It is technically
challenging to build such structures, which are important for laser tech-
nologies based on silicon [10-13].

Photon-phonon interactions can be greatly enhanced by optome-
chanical cavities [14,15]. Such cavities have facilitated the demonstra-
tion of many significant phenomena [16-19]. For example, phonon
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lasers, which are mechanical analogues of photon lasers, have attracted
considerable attention owing to their underlying intriguing physics [20-
23] and unprecedented capability for ultra-precise sensing [24,25]. The
linewidth limit of phonon lasers is theoretically predicted to follow a
Schawlow-Townes form, similar to that of photon lasers [26]. In addi-
tion, the optomechanical limit cycle theory [27] has been developed as
an efficient tool for studying the physics of lasing dynamics, providing
analytical solutions of the phonon linewidth with thermal noise in the
normal regime [28]. For cavity optomechanical systems, this theory has
successfully explained the dynamical multistability phenomenon [29],
amplitude noise suppression [30], and phase noise using linear approxi-
mation of the Langevin equation [28]. Despite these significant theoret-
ical advances, the phase noise of the pump light, which severely limits
the realisation of ultra-narrow linewidth for photon and phonon lasers
in practice, has not been considered in theoretical studies thus far.
Phase noise, which varies inversely with oscillator energy in accor-
dance with the classical theory, has been experimentally observed with
phonon lasers [31,32]. Other experimental studies have shown that,
after phonon lasing, the photons scattered by phonons exhibit coher-
ent light conversion [33]. Such coherent conversion is not only impor-
tant in the quantum regime [16] but also indicates that optomechan-
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ical cavities may offer a solution for reshaping the spectra and coher-
ence of both photons and phonons, which can be used in the fields that
require highly coherent sources. Coherent photon-phonon interactions
may also complement silicon-based Brillouin lasers [10,34]. The optical
self-oscillation and true line narrowing to the Schawlow-Townes limit
have been reported to require the reversed dissipation regime in Bril-
louin lasers [35]. However, in contrast to a previous study [36], we
find that high-coherence and ultra-low-noise oscillation for the scattered
light in optomechanical cavities is counter-intuitively unattainable in
the reversed regime, which is because linearized optomechanical equa-
tions are used in the previous study (Supplementary S1-S2) and this
approach expires in the reversed regime. Since the linewidth features
of photon and phonon are critical to a wide range of practical applica-
tions, it is necessary to reanalyse the lasing dynamics with phase noise
and take nonlinear nature of the optomechanical system into consider-
ation.

This study revealed the lasing linewidths of photons and phonons in
a cavity optomechanical system. The lasing dynamics considering both
the pump noise and the thermal noise are explored by a general limit
cycle theory without linearisation approximation. For simplicity, the las-
ing phenomena are explained in both normal and reversed regimes. The
general expressions of the analytical solutions for the lasing linewidth
are obtained, which are in good agreement with the numerical analysis.
The linewidth-narrowing mechanism can be explained on the basis of a
phase-noise-following scenario, and the ultra-narrow spectral linewidth
for phonon lasing can be realised regardless of the linewidth of the
pump light. However, such results are counterintuitively unattainable
for photon lasing, which differs significantly from a Brillouin system.
In a silicon-based optomechanical crystal (OMC) cavity, we experimen-
tally observe phonon lasing of frequency up to 6.22 GHz, with the scat-
tering photon stimulated at a communication-relevant wavelength of
1533.9 nm. The optomechanical coupling rate of the cavity is 1.9 MHz.
The observed linewidth of the excited phonon decreases to 5.4 kHz,
which is four orders of magnitude narrower than the linewidth of the
pump light, whereas the linewidths of the scattering photon and pump
light are similar, which is in agreement with our theoretical predictions.

2. Methods
2.1. Simulation of the lasing dynamics

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

2.2. Fabrication of the lasing cavity

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

2.3. Measurements

A tunable laser light source was used. The cavities were optically
coupled using a tapered fiber, and the output was split into two chan-
nels. One port was connected to a low-frequency (kHz) optical power
monitor, from which the optical spectrum was obtained by sweeping
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Fig. 1. Schematic of photon/phonon lasing. The pump photons (shown in or-
ange, w,), 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 w,
represents the scattering photon converted from the pump photon by releasing
n phonons.

the wavelength of the laser. The other port was connected to a high-
frequency (12.5 GHz) optical receiver, and its output was connected to
an electrical spectrum analyser to obtain the mechanical spectra (Sup-
plementary S10).

To conduct the lasing experiment, we blue-detuned the tunable laser,
i.e. we set the wavelength of the laser below the cavity wavelength. To
eliminate the effect of the optical frequency shift of the cavity owing
to thermal noise, the wavelength of the tunable laser was tuned to de-
liver the highest power in the electrical spectrum analyser for each input
power, ensuring a fixed detuning between the pump and the cavity (Sup-
plementary S7). For example, because the ratio between the mechanical
frequency and the total optical decay rate (Q,,/x) was 0.21 for the OMC
cavity, the largest signal from the electrical spectrum analyser was ob-
tained when the ratio between the optical detuning and the total optical
decay rate (A/x) was 0.31.

3. Results
3.1. Lasing dynamics of phonons and scattering photons

In a cavity optomechanical system, the light interacts with the me-
chanical motion, which affects the effective mechanical damping rate.
When we blue-detune the pump light and increase its power, the ef-
fective mechanical damping can be not only reduced to zero but also
changed to amplification. Accordingly, coherently self-sustained oscil-
lation, i.e. phonon lasing, and stimulated photon scattering can occur
with coherent light conversion. The combination of phonon lasing and
stimulated photon scattering is shown in Fig. 1. The experimental data
in this figure indicate that large energy accumulation of phonons and
photons will occur simultaneously if the pump power exceeds the laser
threshold (Supplementary S1).

For the cavity optomechanical system, the interaction Hamiltonian
between a photon and a phonon can be written as —hgoéfé(BT +b),
where 7 is the reduced Planck constant, g, is the vacuum optomechani-
cal coupling strength, and 4(4") and b(h") are the annihilation (creation)
operators of photons and phonons, respectively [37]. Based on this in-
teraction Hamiltonian, the evolution equations of the cavity system can
be derived in the semi-classical regime as

a=(iA—x/2)a+igy(b* + b)a+ \/keSin (€8

b= —(iQ,, +T/2)b + igylal*+VThy, )
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where a is the optical amplitude in the cavity; A represents the laser
detuning from the cavity resonance, i.e. w,-»;, where w, is the optical
angular frequency of the cavity and w, is the angular frequency with
which the frame rotates with the pump laser; « is the total decay rate of
the optical mode; «, is the optical coupling rate between the optical in-
put channel and the cavity; b is the mechanical amplitude that satisfies
X = Xgpp(b+ b%), where x is the displacement of the mechanical cavity
and x,,¢ denotes the zero-point fluctuation displacement; Q,, represents
the intrinsic angular frequency of the mechanical mode; I' is the decay
rate of the mechanical mode; b, is the noise of the mechanical oscil-
lator owing to the thermal fluctuations in the environment, which is
expressed as by, = \/n, W = \/kpT /hQ, W, where ny, is the number of
phonons in the thermal equilibrium state kg is the Boltzmann constant,
T denotes temperature, and W is the standard Wiener process [38]; and
S;y is the amplitude of the pump light [39,40]. As the intensity noise can
be ignored for a typical single-mode laser, the linewidth of the pump
laser originates from the phase noise [34,41]. Thuss;, = |s;,|e’?, where
& = ﬁW and v, = var(¢,) is the angular frequency linewidth of the
pump laser [42].

According to the limit cycle theory, the scattering photons and
phonons in the cavity can be written in the form of a Fourier series ex-
pansion, i.e. b= B, + Be 7' and a = Y a,e" ', where B, represents

the equilibrium position of the mechannical vibration and B is the nor-
malised complex amplitude of the mechanical vibration (including the
amplitude B, and the phase ¢, i.e. b = B, + Bye/¢e~"™n"). Here, we con-
sider that the mechanical vibration mode with multiple frequencies of
Q,, usually has a large dissipation rate such that only the first harmonic
term is retained [28]. Further, «, is the normalised complex amplitude
of photons with different frequencies w, in the cavity, i.e. a, = A e/n
(A, is the amplitude of the optical field and ¢, is the corresponding
phase). The subscript » implies that the scattering photon with index n
comes from the pump photon after releasing » phonons. For instance,
ay (Age’®) represents the normalised complex amplitude of the photon
with frequency w,. By applying Fourier series expansion of a and b to
Egs. 1 and 2, the equations for analysing the phase dynamics can be
obtained (Supplementary S3).

¢ = %cos (p+e —g9) + %bth sin(Q,,7 — ¢) 3)

él=A—Qm+%cos(¢+el—go) @

é0=5+g0<BOAl >cos (¢+sl —60)+Msin (sp—eo) 5)
Ay (Ao)

The above-mentioned equations are the phase reduction equations,
which are often used to analyse the phase evolution and synchronisation
phenomena in the self-sustained oscillating system [43]. Here, M is a
nonlinear factor that characterises the strength of the pump and A rep-
resents the equivalent detuning. When the system is lasing, the phonon
phase ¢, the scattering photon phase ¢, and the pump light phase ¢,
need to be synchronised (Supplementary S3-2). In this paper, we in-
troduce this phase synchronisation condition to solve Egs. 3-5. Based
on the phase reduction equations, the angular frequency linewidths of
the phonon (v,,) and the scattering photon (v,) can be obtained from the
variance of the derivative of phase:v,, = var(¢) and v = var(¢,). We need
to consider only the random variables, namely ¢, &, £, b, and A on
the right-hand side of Egs. 3-5, as the constant terms do not affect the
linewidth. First, we analyse the influence of A. The fluctuation strength
of A can be derived as follows (Supplementary S3-1):

K=a+2gRe[B| =2+ Y |a,[’ ©)
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§A=A—(A) =2, Z A,8A, - (keep the first — order fluctuation term)
= 24P (A6A, + AySA,) - (use the sideband resolved assumption)
= 24P [(T/x)By6By + AgSA|

-(use the energy conservation relation A, / B, = m) @)

It can be concluded from Eq. 6 that A comes from the random jit-
ter of the equilibrium position B_, which is determined by the radia-
tion pressure. Hence, A is associated with the intra-cavity field strength
Y |a,|* and is thus affected by the fluctuation of the intra-cavity field
intensity. From the expression of A, §A can be derived as Eq. 7. Here,
7@ = Zgg /Q,, is the equivalent Kerr nonlinear coefficient [27], which
indicates the influence of the field intensity on the effective cavity
length. Further, §A, = A, — (A,) represents the amplitude noise of the
nth-order scattering photon. When there are fluctuations in the field in-
tensity, the equivalent cavity length will undergo random jitter. As the
amplitude noise in the limit cycle oscillator is suppressed [30], only the
first-order fluctuation term needs to be retained.

It can be seen that the effective detuning SA is directly associated
with the dissipation rate I'/x. For the normal regime (I' <« «), the ratio
of '/« is considerably small; hence, we can ignore the first term. More-
over, the pump strength A, can also be ignored because a phonon with
a sufficiently low dissipation rate requires only a low-power pump to
achieve lasing. Note that in this regime, treating A as a constant is a
common strategy [37]. Through the analysis presented above, we con-
clude that §A can be ignored in the normal regime. However, the situa-
tion is different for the reversed regime. In this case, we can still ignore
A, because there is only one dominant optical mode w, in this regime
[36] (see Supplementary Information Fig. S2 for details). However, the
first term in Eq. 7 cannot be ignored owing to the large ratio of I'/«.
Hence, the fluctuation in the effective detuning 6A will be remarkable
in the reversed regime. As the effects of §A on the linewidth character-
istics are different in the two regimes, we will discuss these two regimes
separately. In addition, we will directly solve the temporal stochastic
differential equation for Egs. 1 and 2 numerically without any approxi-
mation to validate our theoretical results.

Normal regime (I' <« k): As the mechanical decay rate is much
smaller than the optical decay rate, the phonons can be accumulated
more effectively compared with the photons. Thus, A can be treated as
a constant, i.e. A & A, which can be derived from Eq. 6 as well when the
jitter of the intra-cavity light field strength |an|2 is negligible. Under
this condition, we obtain the linewidths of both the scattering photons
and the phonons by solving the phase reduction Egs. 3-5 (Supplemen-
tary S3-3-1):

V,

p
V, = Vg + —— 22— ®)
M /2
b ©
Vy = Vyp + ———
mE T b )2
I'n
va=2—"lh (10)

The linewidth expression above is divided into two parts. One part
is the linewidth of the Schawlow-Townes (ST) type, v,,p, which is in-
versely proportional to the number of intra-cavity phonons n. When the
ratio of n to the number of thermal equilibrium phonons n,, is large,
the broadening of the linewidth owing to thermal noise will be strongly
suppressed. The ST linewidth formula derived from our equations is con-
sistent with that obtained by Kerry J. Vahala [26]. The other part is the
linewidth broadening owing to the phase noise of the non-ideal pump-
ing light source, which is similar to the linewidth in SBS [34]. Besides
the analytical expressions for the lasing linewidth, in the normal regime
(T" < «), we can also obtain the important relation ¢, = A — Q_, + (x/T)¢
(derived from Egs. 3 and 4 by ignoring the thermal noise). Further,
by assuming that A ~ Q,, the simplified expression £, = (x /)¢ can be
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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 (I' < k) at a pump-laser linewidth of (a) 200 kHz and
(b) 50 MHz. (c) Results of the cavity in the reversed regime (I' > «) with a pump-laser linewidth of 100 kHz. (d) Phase fluctuation of the pump, scattering photon,
and phonon after lasing in the normal regime (I' <« k) with a pump-laser linewidth of 200 kHz for the system represented in a.

obtained. This is a good theoretical support for the approximation of
¢ < ¢, which is widely used in the normal regime without detailed
theoretical explanation [27,30,44].

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

For the normal regime, Fig. 2a shows the simulated spectrum of the
cavity optomechanical system after lasing. The parameters were set as
k/2n = 30GHz, Q,,/2n = 6.2GHz, and I'/2n = 3.2MHz, which were the
values in our experiments. The linewidth of the pump light (v,/2r) was
set to 2.0 x 10°kHz. We can see that after lasing, the spectral linewidth
of the scattering photon (v,/2x) is around 2.0 x 10*kHz, which is nearly
the same as that of the pump light. By contrast, the spectral linewidth
of the phonon (v, /2n), which is around 6.5 kHz, is much narrower than
that of the pump light. The spectral linewidths are also calculated on the
basis of the analytical expressions of Eqs. 8 and 9. The calculated v, /2x
and v, /2r are about 206.35 kHz and 6.35 kHz, respectively, which are
in good agreement with the numerical analysis.

These results indicate that the phonon linewidth is several orders
of magnitude narrower than that of the scattering photon for a cavity
with I' <« k after lasing. To further understand the reason for this dif-
ference, the phase noise of the scattering photon and phonon was sim-
ulated (Fig. 2d). We find that the scattering photon follows the phase
fluctuations of the pump light, while the phonon preserves its phase be-

40

cause the damping rate of the scattering photon is greater than that of
the phonon. We can also use the adiabatic approximation to understand
the transmission mechanism of the phase noise of the pump light. When
the phonon dissipation rate is extremely low, the phonon is nearly adia-
batic, which means that it needs nearly no assistance from the pump to
maintain its stability. Hence, the phase noise of the pump light cannot
be transmitted to the phonon, and the broadening of the phonon spec-
tral line can thus be ignored, which is also indicated by the narrowing
factor (1 + x/T)? - oo in Eq. 9. However, the scattering photon has a
large dissipation rate and thus succeeds the phase fluctuations of the
pump light, which is shown by the narrowing factor (1 +I'/x)*> — 1 in
Eq. 8. When the optomechanical cavity is at room temperature, for the
normal regime (I" < k), the thermal noise dominates the linewidth of
the phonon with an ST-type formula [26].

Note that phonon lasing can also be excited by a pump whose
linewidth is much greater than the intrinsic mechanical linewidth. For
instance, the parameter setting for the simulation shown in Fig. 2b is the
same as that shown in Fig. 2a, except that v, /2n was changed to 50 MHz,
which was much greater than the intrinsic mechanical linewidth of
3.3 MHz. As can be seen in Fig. 2b, mechanical oscillation can also be
excited by this high-noise pump light with a linewidth of 8.74 kHz, be-
cause the ST linewidth is dominant in this regime and the change in
the pump linewidth thus has a very small impact on the phonon. The
slight broadening of the phonon linewidth is owing to the decrease of
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the phonon number, which is caused by the increased linewidth of the
pump. This ultra-narrow linewidth has considerable potential for appli-
cations in various fields such as high-precision sensing, high-quality fre-
quency references, frequency-coherent conversion [45], and low-noise
phonon sources [46].

Reversed regime(I" > «): This spectral region is beyond the scope
of existing silicon-based microstructures because the required optical Q-
factor is rather high (typically, it needs to exceed 3.2 x 108 for a 6-GHz
mechanical mode with a Q-factor of 1 x 103 and I'/x = 10). However,
this scenario can be realised in the microwave domain [47]. Neverthe-
less, an important question is whether the scattering photon undergoes
linewidth narrowing similar to the phenomenon in the case of a Brillouin
laser regardless of the materials used or the design of the structures em-
ployed.

To answer this question, we must re-examine the linewidth of the
scattering photon and phonon from Egs. 3 to 5 by considering the influ-
ence of the equilibrium position. (a) The driving force (radiation pres-
sure) term of the mechanical vibration is the beat note of the scattering
light and pump light, which is related only to their relative phase dif-
ference £, — €. (b) The modulation due to the jitter in the equilibrium
position is the same for every intra-cavity optical spectrum line. There-
fore, the random phase of the phonon, which is determined only by the
beat note of the optical line, will not be affected by such jitter and it
still satisfies Eq. 9, which means that in the reversed regime (I" > «),
Vi &V, /(14K / T')? + vy This conclusion can also be drawn from the in-
teraction picture, i.e. the jitter in the equilibrium position can modulate
the phase of the photons by the scattering process, but there is no di-
rect interaction between the mechanical vibration and the cavity length.
Hence, the phase of the phonons should not be affected. To further anal-
yse the linewidth of the scattering photons, we define ¢, =6A represent-
ing the random phase diffusion due to the jitter of the equilibrium posi-
tion such that the original phase of the photons before perturbation by
the jitter can be separated, i.e. £ = £, — £.. In this manner, Egs. 4 and
5 can be reduced to (Supplementary S3-3-2)

é'l=<5>—§2m+%cos(¢+el—so) (11

4 \/Kex|sin| .

Ay "

én=(A)+ g0<

Body >cos (¢ +e — 50)
Ao

[(gp ~ &)~ &)
(12)

If (¢, —€.) is considered to be the pseudo pump phase, when we
ignore 6A in Eqgs. 3-5, the form of Egs. 3, 11, and 12 is similar to that
of Egs. 3-5. Thus, we can use the same method as that for the normal
regime to obtain the linewidth formula. Combining the relation v, ~
Vit + Vp /(14K /T)? derived above, we obtain (Supplementary $3-3-2)

vs:va+2vp+vp/(1+F/rc)2zva+2vp (13)
v
P

Viy = Vo + ———

" kT

-(phonon linewidth formula is the same in both regimes)

Fnth

VT = - (ST linewidth formula is the same in both regimes)

In the reversed regime (I" > «), owing to the strong jitter in the equi-
librium position, the phase noise of the pump can be transmitted to the
scattering photons, which overcomes the adiabatic approximation of the
scattering photons. Thus, even if the intensity of the intra-cavity scat-
tering photons is high when the system is lasing, the scattering pho-
ton linewidth v, cannot reach the ST limit, which implies that the self-
purifying spectral line of the scattering photons, similar to that exhibited
in SBS of the photon laser regime, is impossible to achieve in optome-
chanical cavities. Further, if we accidentally ignore the jitter in the equi-
librium position (high-order terms of the interaction Hamiltonian), we
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can, by contrast, conclude that the spectral line can be narrowed to the
ST limit [36]. This discrepancy is counterintuitive when compared with
the Brillouin system, because there is no equilibrium position for the
travelling acoustic wave in the Brillouin system.

The numerically simulated spectrum after lasing for a cavity optome-
chanical system with I' > « in the reversed regime is shown in Fig. 2c.
Here, we set x/2n=6.5 MHz, I'/2n =197 MHz, and v,/2r = 100kHz
in the simulation. As shown in Fig. 2c, v,/2n and v,, /2%, with sim-
ulated values of about 285 kHz and 178 kHz, respectively, are both
broader than the linewidth of the pump light. From Egs. 9 to 13, the
calculated linewidths v,/2x and v,,/2n are 285.8 kHz and 185.8 kHz
(V1 /27 = 85.8kHz), which indicates that the theoretical analysis is well
consistent with our simulation results.

To summarise the lasing dynamics, we find that the linewidth of
photon and phonon lasing can be explained and analysed with refer-
ence to two distinct physical regimes (I' < k and I" > «). For the nor-
mal regime (I" < «), the linewidth of the phonon is much narrower than
that of the pump laser, and the ultra-low-noise mechanical signal can be
excited even with a high-noise pump light whereas the linewidths of the
scattering photon and pump light are similar. This linewidth-narrowing
mechanism is similar to that of the Brillouin laser, except that the roles
of the phonon and the scattering photon are reversed, as the typical Bril-
louin system satisfies the I' > « condition. Meanwhile, for the reversed
regime (I" > «), the linewidths of both the scattering photon and the
phonon are broader than the linewidth of the pump light. The coun-
terintuitive linewidth of the scattering photon originates from the jitter
in the equilibrium position of the optomechanical cavity system and it
differs significantly from that of the Brillouin system.

3.2. OMC cavity with acoustic radiation shield

An OMC cavity with an acoustic radiation shield was fabricated to
demonstrate the photon and phonon lasers in practice. An oblique view
of a scanning electron microscope (SEM) image of the structure is shown
in Fig. 3a. The confinement mechanism of this structure is different
from that of conventional OMC cavities, where the optical and mechan-
ical modes are simultaneously confined by the same periodic structure
[48]. As the mechanical frequency of this structure exceeds the phononic
bandgap of nanobeam periodic structures, the nanobeam periodic struc-
tures of this OMC cavity can only confine the optical mode. By contrast,
the acoustic radiation shield shown in Fig. 3b confines the mechanical
mode as its phononic bandgap covers the mechanical frequency (Sup-
plementary S4). Thus, the optical and mechanical modes are separately
confined by two types of structures. This confinement mechanism is used
to overcome the design constraints of the optical and mechanical prop-
erties [49]. This flexible design by separate confinement mechanism can
be used in many research areas, for instance, intrinsic defect induced Eps
[50-52] and phonon sensing [25], etc. Benefit from the flexible design,
the mechanical frequency of the cavity reaches 6.22 GHz while the op-
tical mode is maintained at 1533.9 nm. The intrinsic optical Q-factor
and mechanical Q-factor in an ambient environment are 8.5 x 10° and
2.0 x 103, respectively, which are indicated by the optical transmission
spectrum and the mechanical spectrum as shown in Fig. 3c and d.

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

3.3. Phonon lasing and stimulated scattered photon

We demonstrate phonon lasing using the fabricated OMC cavity in
silicon in the normal regime with I' <« k. As mentioned above, for an
optomechanical cavity with I' « k, 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.

be excited by a high-noise pump light. Thus, this regime has consid-
erable potential for low-phase-noise applications. When we blue-detune
the pump light with a linewidth of 2.0 x 102 kHz and increase its power,
pronounced thresholds for both photons and phonons can be observed.
Fig. 4a shows the normalised number of phonons in the cavity as a func-
tion of the coupled optical power. Here, the number of phonons is nor-
malised to the number of phonons excited by the thermal environment,
which is 1.01 x 103 at room temperature. Owing to the effective con-
finement of the optical and mechanical modes and the strong interaction
between them in the OMC cavity, the threshold of the reduced optical
power is 503 pW. Beyond this threshold, the number of phonons in the
mechanical mode increases sharply, as shown in Fig. 4a, and the me-
chanical linewidth can be suppressed from 3.2 to 5.2 kHz, as shown
in Fig. 4b, corresponding to an effective mechanical Q-factor of up to
1.2 x 10°. We further analyse the suppressed mechanical linewidth and
find that it follows the ST limit form as shown in Fig. 4b (Supplementary
S6). The spectra of the spontaneous and stimulated phonon and scatter-
ing photon are shown in Fig. 4b. These experimental results are in good
agreement with the aforementioned conclusion that the mechanical-
lasing linewidth is much narrower than the linewidth of the pump laser.

Because the mechanical motion is characterised by the optical beat
note between the scattering light and the pump light, the power of the
scattering light can also be inferred (Supplementary S7). Fig. 4a shows
the power of the scattering light versus the coupled optical power. Sim-
ilar to the phonon number, the power of the scattering light increases
sharply when the reduced pump power is beyond the threshold. In ad-
dition, because the linewidth of the beat signal changes from 3.2 MHz
to 5.2 kHz and the linewidth of the pump laser itself is 2.0 x 102 kHz,
it can be inferred that the linewidth of the scattering light is suppressed
from around 3.2 MHz to 2.0 x 102 kHz, which is consistent with our
theoretical prediction.
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In addition, we measured the phonon linewidth excited by a pump
laser with a linewidth of up to 50 MHz. The measured spectrum of the
pump photon is shown in Fig. 3d. Although the linewidth of the pump
is much greater than the intrinsic linewidth of the mechanical motion
of 3.2 MHz, the linewidth of the excited phonon decreases to 5.4 kHz,
which is four orders of magnitude narrower than the linewidth of the
pump light. This is in good agreement with the simulation prediction
shown in Fig. 2b, i.e. the ultra-low-noise mechanical signal can be ex-
cited even with a high-noise pump light, whereas the linewidths of the
scattering photon and the pump light are similar.

4. Discussion and conclusion

Our theoretical analysis explained the dynamics underlying the las-
ing behaviour of a cavity optomechanical system. For systems in the
normal regime with I' < «, a high-noise pump laser can excite an ultra-
low-noise mechanical oscillation, and the low-noise signal can be di-
rectly detected by a photon detector from the high-noise pump laser
without introducing additional noise. Moreover, the behaviour of the
cavity optomechanical system is distinctly different from that of the
Brillouin system in the reversed regime with I' > k, because the jitter
in the equilibrium position is considerable and it influences the system
significantly. The linewidth of the scattering photon is broader than the
linewidth of the pump laser. However, the phonon linewidth is consis-
tent with that of stimulated Brillouin scattering and it follows Eq. 9.

For experimental verification, we used a silicon-based OMC cavity
with an acoustic radiation shield. We demonstrated both silicon-based
photon and phonon lasers with phonon lasing at 6.22 GHz and scatter-
ing photon lasing at a wavelength of 1533.9 nm. The measured narrow
linewidths for photon and phonon lasing were consistent with our the-
oretical 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
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(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.

Our findings can pave the way towards photon and phonon lasers
based on silicon, and they could enable researchers to meet the press-
ing need for new laser technologies for silicon-based photonic devices.
Harnessing the coherence of photons and phonons in silicon devices
could facilitate new applications in sensing, metrology, spectroscopy,
and signal processing, thereby advancing the use of highly coherent
sources.

Notably, our optomechanical-cavity-based scheme offers a footprint
of only 120 um?, i.e. around three orders of magnitude smaller than
that required by the Brillouin system [10], which requires a long op-
tical path of several centimetres. Moreover, an experimental measure-
ment [33] of the second-order correlation of scattering photon in OMC
cavity (above phonon lasing threshold, g2(0) ~ 1) suggests that the co-
herence of the stimulated photon is similar to a true photon laser, which
can be a superior substitute for stimulated Brillouin scattering. Owing
to the strong photon-phonon interaction in the OMC cavity, the thresh-
old pump power required to achieve lasing is only 503 pW, which is
lower than that of the Brillouin system (7.5 mW) by an order of mag-
nitude [10]. Furthermore, our OMC system is compatible with silicon
integrated devices, and it may provide an elegant approach for comple-
menting stimulated Brillouin scattering, which is not only the strongest
and most tuneable nonlinear interaction with considerable potential
for high-coherence and ultra-low-noise oscillation but also particularly
challenging to achieve on a silicon platform.
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