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On-chip stimulated Brillouin scattering (SBS) has attracted extensive attention by introducing acousto-optic coupling inter-
actions in all-optical signal processing systems. A series of chip-level applications such as Brillouin lasers, amplifiers, gyro-
scopes, filters, and nonreciprocal devices are realized based on Brillouin acousto-optic interaction. Here, we first introduce
the fundamental principle of SBS in integrated photonics and a method for calculating Brillouin gain; then we illustrate the
Brillouin effect on different material platforms with diverse applications. Finally, we make a concise conclusion and offer
prospects on the future developments of on-chip SBS.
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1. Introduction

Stimulated Brillouin scattering (SBS), a third-order optical non-
linearity, arises from a coherent interaction between guided
optical waves and acoustic waves[1–3]. This inelastic scattering of
light from acoustic phonons was first theoretically predicted by
Brillouin in 1922[1]. However, the strict requirements of light
source with strong intensity and narrow linewidth hindered the
experimental observation of the SBS phenomenon in bulkmedia
until 1964[4], soon after the invention of the laser. Moreover,
the observation of SBS in optical fibers was first achieved in
1972[5]. Subsequently, numerous properties and applications
based on SBS have been experimentally demonstrated in optical
fibers and other bulk media over meter-scale propagation
lengths[6–14]. This situation started to change when SBS was
exploited in microstructure photonic crystal fibers (PCFs) in
2006[15], meaning that Brillouin interaction developed into a
micrometer-scale structure. With the tight confinement of
both optical waves and acoustic waves, Brillouin interaction
could be significantly enhanced by the good overlap between
optical and acoustic fields in microstructure. The first demon-
stration of on-chip SBS was realized on the chalcogenide soft
glass integrated photonic platform in 2011[16], where the low
stiffness and high refractive index of arsenic trisulfide (As2S3)
satisfied the requirement of simultaneous confinement of both
optical waves and acoustic waves. Subsequently, new theories
were established to unlock the underlying mechanism of on-
chip SBS[17–19], indicating that the radiation pressure on chip-
scale waveguide boundaries was greatly magnified compared
with bulk structure, which makes it possible to harness SBS in
a chip-scale platform over centimeter-scale propagation lengths.

Although silicon (Si) is considered to be a popular integrated
photonic platform due to the compatibility with complementary
metal-oxide-semiconductor (CMOS) technology, the confine-
ment of acoustic waves in Si waveguides remains a key challenge
to implement SBS for the leakage acoustic waves into silica
(SiO2) buried layer due to high stiffness. Therefore, there have
been tremendous efforts and developments in the confine-
ment of both optical waves and acoustic waves to control SBS
interactions in Si waveguides as well as other novel waveguides
and platforms over the past decade[3,16,20–31]. Additionally,
a large amount of promising on-chip applications based on
SBS have been demonstrated on different integrated photonic
platforms[32–42].
In this paper, we review the various materials, structures, and

methods to control and enhance on-chip SBS interactions in
recent developments, as well as the progress in SBS-related prop-
erties and applications. This paper is divided into four parts and
is arranged as follows. Section 1 gives a brief introduction about
SBS, Section 2 introduces the basic principle and theory of SBS,
Section 3 presents diverse devices and applications of on-chip
SBS, and Section 4 is a concise outlook and conclusion of
on-chip SBS.

2. Basic Principle and Theory of SBS

2.1. Basic overview

Brillouin scattering arises from the interaction between optical
waves and acoustic waves. As shown in Fig. 1, the interaction of a
pumpwave and a Stokes wave optically induces an acoustic wave
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through electrostriction and radiation pressure, while the
induced acoustic wave behaves as moving spatiotemporal gra-
tings to further scatter the pump wave to the Stokes wave
through photoelasticity and a moving boundary, which leads
to a positive feedback loop between optical and acoustic
fields[43]. From the quantum view, the process of Brillouin scat-
tering is the coupling between photons and phonons, in which a
pump photon is scattered to a redshifted Stokes or blueshifted
anti-Stokes photon by creating or annihilating a phonon, as
Fig. 2 depicts. Typically, the frequency of phonons in the SBS
process is typically on the order of gigahertz, 5 orders of mag-
nitude smaller than the frequency of photons.
Note that not all phonons could be coupled with photons in

an SBS interaction; it requires both energy conservation and
momentum conservation between photons and phonons, usu-
ally referred to as phase-matching requirements. Generally, SBS

interaction in integrated waveguides can be divided into three
types according to different dynamics: backward SBS (BSBS),
intramodal forward SBS (FSBS), and intermodal FSBS. Figure 3
shows the simulated dynamics of these three different SBS
types, including the distributions of the optical mode field,
acoustic mode field, optical force field, and dispersion dia-
grams. The simulated waveguide cross-sectional dimensions
are 1000 nm × 220 nm, which supports fundamental and first-
order TE optical modes and multiple elastic wave modes.

2.1.1. Dynamics of BSBS

For BSBS interaction, the pump light and Stokes light are coun-
terpropagating (the wave vectors are approximately k and −k,
respectively). Both lights are fundamental TE optical modes,
with a frequency difference of Ωm. The interaction between
the pump light and Stokes light produces an electrostrictive
force if z�r⊥�, mainly in the z direction, which is positively cor-
related with the photoelastic coefficient p12. Meanwhile, the
radiation pressure is generated perpendicular to the boundary
of the waveguide. In BSBS interaction, the optical force is mainly
contributed by electrostrictive force, leading to a traveling elastic
wave propagating along the waveguide. As can be seen from the
3D view of the acoustic wave in Fig. 3(a), its main component is
in the z direction.
By interacting with the traveling wave, energy is transferred

from the pump light to the Stokes light, resulting in a single side-
band Stokes gain. The visual diagram of the phase-matching
requirements can be also found in Fig. 3(a). For optical waves
with angular frequency ωp and ωs and wave vectors kp and
ks, the coupled acoustic wave should have an angular frequency
of Ωm = ωp − ωs and a wave vector of qs = kp − ks ≈ 2k. It is
noted that the acoustic wave vectors required by the Stokes
and anti-Stokes processes are reversed (for anti-Stokes process,
Ωm = ωas − ωp and qas = −kp � kas ≈ −2k); hence the two proc-
esses are decoupled in BSBS; that is, they cannot occur simulta-
neously. In the Stokes scattering process, a Stokes phonon is
emitted, so the increased phonon occupancy increases the
Stokes scattering rate, and this self-reinforcingmechanism even-
tually leads to the stimulated light scattering. In contrast, the
anti-Stokes scattering process annihilates an anti-Stokes pho-
non, so there is no positive feedback loop, and thus it is impos-
sible to produce the process of laser scattering. Therefore, only
thermally excited phonons or externally injected phonons can
sustain this process.

2.1.2. Dynamics of intramodal FSBS

For intramodal FSBS interaction, the pump light and Stokes
light are co-propagating (the wave vectors are both approxi-
mately k), and both lights are fundamental TE optical modes.
The interaction between the pump light and Stokes light produ-
ces an electrostrictive force f x�r⊥�, mainly in the x direction,
which is positively correlated with the photoelastic coeffi-
cient p11. Meanwhile, the radiation pressure is generated
perpendicular to the boundary of the waveguide. In intramodal

Fig. 1. Overview of SBS. Taking backward SBS, for example, the pump light ωp

and a counterpropagating Stokes light ωs generate a beat pattern. This beat
pattern generates a moving elastic waveΩ in the waveguide through electro-
striction and radiation pressure, and the elastic wave perturbates the dielec-
tric tensor of the material through the photoelastic effect, resulting in
periodic refractive index changes in the waveguide. This periodic change
in refractive index resembles a moving index grating, scattering the pump
light to the Stokes light.

Fig. 2. Schematic of Brillouin acousto-optic interaction. (a) Stokes process;
the pump photon is scattered into a redshifted photon and a phonon.
(b) Anti-Stokes process; the pump photon absorbs a phonon and scatters into
a blueshifted photon.

Vol. 22, No. 2 | February 2024 Chinese Optics Letters

020031-2



FSBS, both the electrostrictive force and the radiation pressure
contribute to the optical force and have the same symmetry as
the acoustic wave, leading to a transverse standing-wave-like
mode (“breath mode”); that is, the wave vector q is nearly 0. As
can be seen from the 3D view of the acoustic wave in Fig. 3(b), its
main component is in the x direction.
The dynamics of intramodal FSBS are significantly differ-

ent from those of BSBS, resulting in the coupling of multiple
sidebands, which scatter light to many different frequency
components. The energy transfer process of the multiple

sidebands is due to the coupling of Stokes and anti-Stokes pro-
cesses to the same acoustic mode. As shown in Fig. 3(b),
the Stokes, pump, and anti-Stokes optical states are on the
collinear light dispersion curve in the low dispersion state.
The same acoustic mode is simultaneously phase-matched to the
Stokes and anti-Stokes scattering processes (qs = qas = kp − ks,
Ωm = ωp − ωs = ωas − ωp), so that the Stokes and anti-
Stokes processes are inherently coupled together in intramodal
FSBS[44]. Compared with the two-field coupling and exponen-
tial amplification of BSBS, intramodal FSBS is a kind of

Fig. 3. Dynamics of three different SBS types in integrated waveguides. (a) BSBS; (b) intramodal FSBS; (c) intermodal FSBS.
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traveling-wave phase modulation, which produces cascaded
energy transfer to continuous modulation levels[45]. Because
of this mechanism, the generation and annihilation of phonons
in intramodal FSBS are essentially balanced, leading to a spa-
tially constant amplitude of the acoustic field. Therefore, the
stimulated phonon gain cannot be obtained. As a result, intra-
modal FSBS cannot generate laser scattering from thermal noise
like BSBS, so it is not suitable for building self-excited oscillating
Brillouin lasers directly[44].

2.1.3. Dynamics of intermodal FSBS

For intermodal FSBS interaction, the pump light and Stokes
light are co-propagating (the wave vectors are k1 and k2, respec-
tively), but the pump and Stokes light are of different optical
mode families (here assuming that the pump light is fundamen-
tal TE mode and Stokes light is first-order TE mode). Similar to
intramodal FSBS, the electrostrictive force is also mainly in the x
direction. The excited acoustic wave (Lamb-like mode) in inter-
modal FSBS has both transverse and longitudinal components,
as can be seen from the 3D view of the acoustic wave in Fig. 3(c).
According to the dispersion diagram in Fig. 3(c), intermodal

FSBS occurs in two distinct optical dispersion branches in the
forward direction, and the Stokes scattering process causes light
to scatter from the fundamental optical mode to the first-order
optical mode. The coupled acoustic wave should have an angular
frequency of Ωm = ωp − ωs and a wave vector of qs = kp − ks.
Because of the waveguide dispersion, the two optical modes
may have different phase velocities, and the acoustic wave vector
can be changed by tailoring the structure of the waveguide. Since
the optical coupling occurs in different optical dispersion curves
(for anti-Stokes process, Ωm = ωas − ωp and qas = −kp � kas),
the phonons involved in the Stokes and anti-Stokes processes
have different wave vectors with opposite directions, and the
symmetry of Stokes and anti-Stokes processes is broken again.
Thus, the Stokes and anti-Stokes processes are decoupled in
intermodal FSBS, and a single sideband energy transfer process
similar to BSBS is restored, which provides the necessary con-
ditions for stimulated phonon gain and Brillouin lasers[28].

2.2. SBS coupled-mode equations

While the Brillouin interactions were implemented in wave-
guide systems below optical wavelength scale, new mechanisms
were discovered and theoretically analyzed that were not
observed in the bulk SBS process[17–19]. Apart from the modified
refractive index distribution induced by electrostriction in bulk
materials, the induced acoustic motion also modifies the refrac-
tive index distribution near the waveguide boundary with small
cross sections because fractional material is replaced by the sur-
rounding material or air. Another newmechanism is that strong
radiation pressure, comparable with electrostriction, is induced
by the interaction of optical waves on the high refractive index
contrast boundary, which results in the feasibility of forward
Brillouin scattering on the integrated photonic platform.

The coupled-mode equations of Brillouin interactions have
been extensively derived through classical methods and quan-
tum Hamiltonian methods[17–19,46–53]. The consequence of
coupled-mode equations derived either by classical or quantum
methods is consistent. The SBS process is a three-wave interac-
tion among the pump, Stokes, and acoustic wave, governed by
the following coupled-mode equations in waveguides[50]:
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where ap, as, and b are the slowly varying amplitude envelopes
and Pp,s,m represent the normalized powers of pump, Stokes,
and acoustic waves, respectively. In addition, vp,s,m and αp,s,m re-
present the group velocities and power attenuation coefficient
(�m−1�) of pump, Stokes, and acoustic waves, respectively.
δm = q − �kp − ks� is the wave vector mismatch between optical

and acoustic waves, and g = ∫ f · u�
d2r is Brillouin coupling

constant that represents the strength of optoacoustic interaction
between the total optical force f and acoustic displacement u.
For Brillouin interaction within the nanoscale structure, the

total optical force is contributed by electrostrictive body force
f ES,body, electrostrictive boundary force f ES,boundary (generally
can be ignored), and radiation pressure f RP. Electrostriction is
the elastic deformation of dielectric materials because of the
presence of an electric field. The electrostrictive body force
is then generated where the optical intensity gradient exists.
This body force with vector components can be written as[46]

f ES, bodyi = −∂jσij, �4�

where σij is the electrostrictive tensor element and can be
expressed as

σij = −
1
4
ε0n4pijkl�EpkE

�
sl � EplE

�
sk�, (5)

where ε0 denotes the vacuum permittivity, n is the refractive
index, pijkl is the photoelastic tensor, and Ep�s� represent the elec-
tric fields of the pump and Stokes waves, respectively. In addi-
tion, there will be an additional electrostrictive boundary force at
the material interface because of the difference in electrostrictive
stress, which is given by

f ES, boundaryi = �σ1ij − σ2ij�n̂j: (6)

Here, n̂j is the component of the normal vector pointed from
material 1 to material 2.
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The radiation pressure is induced by a Maxwell stress tensor
at the discontinuous boundary, which is given by

f RPi = �T2ij − T1ij�n̂j, (7)

where Tij is the Maxwell tensor element and can be expressed as

Tij = ε0ε

�
EiEj −

1
2
δijE2

�
: (8)

Typically, in the steady-state (∂t → 0) and large acoustic
damping (αm ≫ αp,s) regime, the slowly varying envelope
of the acoustic wave can be adiabatically simplified to
b = −i�Ωm=Pm�g�

apa
�
s =�iδm � αm=2�. Thus, we can retrieve

the coupled equations between pump and Stokes powers
(Pp,s = jap,sj2Pp,s) along the waveguide length, governed by

∂zPp = −GBPpPs − αpPp, �9�

∂zPs = GBPpPs − αsPs, �10�

where GB is the well-known Brillouin gain with a unit of
[W−1 m−1], expressed as

GB�Ω� =
2ωΩmjgj2
PpPsPm

αm=2
δ2m � �αm=2�2

=
4ωQmjgj2
PpPsEm

�Γm=2�2
�Ω −Ωm�2 � �Γm=2�2

, (11)

where the response of Brillouin gain coefficient GB is the
Lorentzian profile related to the acoustic mode with the approxi-
mation ofωp ≈ ωs = ω. Here,Qm =Ωm=Γm is the acoustic qual-
ity factor with the acoustic damping rate Γm = vmαm,
Em = Pm=vm is the normalized acoustic energy density per unit
length, and Δm = Ω − Ωm = vmδm is the frequency mismatch.
SBS cavities, also referred to as optomechanical cavities, can

be regarded as Brillouin-active waveguides with a round-trip
length L. Then, by applying mean-field approximation, the term
of ∂z can be eliminated. Hence, the coupled-mode equations for
cavities are governed by[50]

∂tap � �iΔp � κp=2�ap = −ig0asb�
������
κcp

p
sp, (12)

∂tas � �iΔs � κs=2�as = −ig�
0apb

� � ������
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p
ss, (13)

∂tb� �iΔm � Γm=2�as = −ig�
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�
s �

�������
κcm

p
sm, (14)

where ap, as, and b are the normalized slowly varying envelopes
such that japj2, jasj2, and jbj2 represent the average number of
cavity photons or phonons of pump, Stokes, and acoustic waves,
respectively. In addition, κp,s andΔp,s = ωp,s − ωp0,s0 are the opti-
cal damping rate and frequency detuning between input fields
ωp,s and cavity modes ωp0,s0 of pump and Stokes waves, respec-
tively. The input field envelopes sp,s,m are coupled to cavities with

a rate of κcp,cs,cm. The single-photon optomechanical coupling
rate g0 ([rad/s]) represents the frequency shift of the optical
mode induced by the single-phonon acoustic motion, derived
from the perturbation theory and given by

g0 = xzpf
∂ω

∂x
, �15�

where xzpf =
������������������������
ℏ=�2meffΩ�

p
is the zero-point fluctuation of

the acoustic modes with the effective mass meff = ∫ ρjuj2=
max juj2dV .
In general, the Brillouin gain GB is the key metric for

Brillouin-active waveguides, while the optomechanical coupling
rate g0 is the key metric for optomechanical cavities or Brillouin
cavities. Moreover, these parameters can be accurately com-
puted by using commercial numerical solvers[17–19,46,48,50,54]

with full-vector methods.

3. Devices and Applications of On-Chip SBS

3.1 SBS devices with different materials and structures

As mentioned above, the Brillouin gain GB, pump power, and
interaction length are all the significant metrics for SBS interac-
tion. To achieve efficient Brillouin interactions in the integrated
guided-wave systems, the material properties and waveguide
dimensions as well as type of SBS process need to be taken into
consideration. The main strategy is to optimize the Brillouin
gainGB, which depends on the photoelastic coefficients of mate-
rials and the overlap between optical forces and acoustic dis-
placements. Meanwhile, the acoustic waves could
be optically excited by electrostriction and radiation pres-
sure[25–28,53], electrically excited by external piezoelectric-
ity[31,55–57], or thermally excited by thermoelasticity associated
with the thermal phonons[26]. To obtain good overlap between
optical forces and acoustic displacements, simultaneous con-
finement of optical and acoustic fields is necessary in a wave-
guide. Although the optical fields are easy to confine through
total internal reflection with high refractive index contrast, the
acoustic fields may not be so easy to confine on-chip.
The acoustic impedance of a medium is Zm = ρvφ with the

acoustic phase velocity vφ and mass density ρ, which plays a sig-
nificant role for acoustic fields analogous to the refractive index
for optical fields. There are three common strategies to confine
acoustic fields. First, select an appropriate waveguide material
with low stiffness to have the lowest acoustic velocity in the sur-
rounding materials[16,34]. Second, confine the acoustic fields
through acoustic impedance mismatch. This causes a large
acoustic impedance mismatch between solid materials and air
so that the acoustic fields are confined to solid materials. For
instance, the suspended waveguides[26,51,58–60] and partial sus-
pended waveguides supported by a thin pedestal[27,54,61–64]

can effectively confine acoustic fields to waveguides. Third, con-
fine the acoustic fields through phononic bandgaps[3,65–69].
Similar to photonic crystals, the phononic crystals shield and
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reflect the phonons within the bandgap so that we can imple-
ment phononic crystals on either side of the waveguides to con-
fine the acoustic fields to waveguides.
Apart from photoelastic coefficients, another key material

property that needs to be taken into consideration is the optical
propagation loss[53]. Although the SBS interaction length on an
integrated photonic platform is centimeter-scale (largely shorter
than in meter-scale optical fibers), it is still fairly long compared
with optical wavelength so that the optical propagation loss should
be considered in the SBS process. In addition, nonlinear optical
losses, including two-photon absorption (TPA) and TPA-induced
free carrier absorption (FCA), are detrimental to optical power as
well as SBS interaction in semiconductor materials, especially in
the high optical power regime[3,49]. Consequently, the ability to
handle high optical powers is limited by the nonlinear optical
losses, and the optical propagation loss is mostly dependent on lin-
ear optical loss in the low pump power regime. Thus, to realize
effective Brillouin interaction, Brillouin-active materials should
have the properties of large photoelastic coefficients and low opti-
cal propagation loss. Figure 4 presents the typical on-chip SBS
devices with different materials and structures.
The first experimental demonstration of on-chip SBS was

implemented in an As2S3 rib waveguide on an integrated pho-
tonic platform[16]. As2S3, one of chalcogenide glasses, is a kind of
perfect material for the SBS process because it can simultane-
ously satisfy the strict requirements of having a large photoelas-
tic coefficient, high refractive index, and low stiffness (Table 1
shows the commonly used material platforms and the corre-
sponding properties for on-chip SBS[2,29,63,64,70–75]). Combined
with these material properties, optical and acoustic fields are
confined to As2S3 waveguide and Brillouin gain GB is about a
hundredfold times that of silica optical fiber[16]. Additionally,
low optical loss (typically 0.4–0.5 dB/cm) and good power han-
dling (more than 500 mW) enable the long SBS interaction
length (∼22 cm). Therefore, large on/off gains (52 dB) and
net gains (40 dB) are able to be achieved in an As2S3 wave-
guide[76,77]. Backward Brillouin lasing was thus stimulated uti-
lizing a spiral ring resonator composed of a 5.8-cm long As2S3
waveguide[25]. The on-chip threshold is about 50 mW with a
slope efficiency of 4%.
With optical fiber made of silica, it is easy to observe strong

spontaneous Brillouin scattering due to the extreme loss and
kilometer-scale interaction length. However, it is hard to imple-
ment the Brillouin process in silica waveguides on an integrated
photonic platform because optical fields may not be effectively
confined to silica waveguides on an SI substrate due to the low
refractive index of silica. Fortunately, we can still exploit the
extreme intrinsic loss and large photoelastic coefficients of
SiO2 (Table 1) through a silica whispering-gallery resonator
(WGR). The unload quality (Q) factor of silica WGR can easily
reach 108[27,78]. Therefore, its internal energy density is very
high, which is quite beneficial for the excitation of Brillouin las-
ing. SBS in silicaWGRs was first reported in themicrosphere[20].
This 100-μm diameter microsphere has a Q factor of 3 × 108,
and the backward Brillouin lasing will be excited when the pump

power exceeds 26 μW with a slope efficiency over 90%.
Subsequently, forward Brillouin lasing was also demonstrated
in the silica microsphere[22] and Brillouin frequency shifts rang-
ing from 58MHz to 1.408 GHz were achieved. However, the SBS
for on-chip WGR was realized only after the ultrahigh Q wedge
microdisk manufacturing process was proposed[23]. The diam-
eter of the microdisk is about 6 mm to satisfy the free spectrum
range (FSR) equal to the Brillouin frequency (∼11GHz). This
WGR Brillouin device can also be integrated monolithically with
other functional devices through a silicon nitride (Si3N4) cou-
pling waveguide[24].
Silicon-on-insulator (SOI) is the most popular integrated

photonic platform because it is compatible with CMOS manu-
facturing technology. Compared with As2S3 and silica, Si has
small photoelastic coefficients, high stiffness, and a large refrac-
tive index (Table 1). The large refractive index of Si enables the
design of small optical mode area waveguide, which enhances
the optical nonlinearity, including Brillouin interaction[61].
However, the high stiffness with large acoustic velocity results
in poor acoustic confinement and acoustic mode leakage on
SOI platforms. Therefore, great efforts have been made to con-
fine acoustic fields in Si waveguides, such as suspended Si or
hybrid Si-Si3N4 structures

[26,28,58,79], Si waveguides with nano-
scale silica pillar support[27,61,62,80], and Si waveguides with pho-
nonic crystals[3,65,67–69,81]. With these special designs, the optical
fields and acoustic fields could be simultaneously confined to
small cross-sectional Si waveguides so that Brillouin interaction
is greatly enhanced. The dominant SBS processes are intramodal
and intermodal FSBS in Si waveguides rather than BSBS because
p11 ≫ p12 in Si, which means that the electrostriction force of
FSBS is greater than that of BSBS (Fig. 3). Nevertheless, the
power handling and SBS interaction efficiency are limited by
the large TPA and FCA coefficients in Si[3,49]. Thus, there is a
trade-off between optical loss and Brillouin gain in the design
of Si Brillouin devices. The first experimental demonstration
of SBS on SOI was implemented in a 4.9-mm long suspended
hybrid Si-Si3N4 waveguide[26]. Although the on/off gain was
0.374 dB, no positive net gain was obtained (−1.935 dB) due
to the relatively high linear loss. With the further improvement
of the fabrication process and structure, positive net gains have
been reported[28,42,59,79]. After that, the introduction of pho-
nonic crystals can provide selectivity to the excited acoustic
modes through the phononic bandgap effect[3], avoiding the det-
rimental influence of the undesired acoustic modes. By utilizing
ring-resonator-composed Si waveguides, large forward Brillouin
amplifying[42] and Brillouin lasing[53] with a slope efficiency of
3% were then achieved.
Recently, Brillouin interactions have been implemented not

only in suspended Si3N4 waveguides for the forward SBS pro-
cess on CMOS-compatible platforms but also in leaky Si3N4

waveguides without acoustic confinement for the backward
SBS process[29,70,82]. Although it was found that the photoelastic
coefficient of Si3N4 is much smaller compared with other
Brillouin-active materials (Table 1), the relative low Brillouin
gain of Si3N4 is compensated for by resonant enhancement
within an ultralow loss optical cavity. Germanium (Ge) is

Vol. 22, No. 2 | February 2024 Chinese Optics Letters

020031-6



predicted to exhibit high SBS gain in the mid-infrared band
because it has lower acoustic velocity and a higher refractive
index than silica[71]. However, its intrinsic loss in the commu-
nication band is relatively high (Table 1). This problem may

be solved utilizing a SiGe alloy[46]. By optimizing the SiGe alloy
composition, net Stokes amplification can achieve at least a
2.5 dB gain improvement compared to a pure Si waveguide.
In addition, since the acoustic waves can be excited externally,

Fig. 4. Typical on-chip SBS devices with different materials and structures. (a) As2S3 rib waveguide on silica
[16]; (b) As2S3 spiral ring resonator

[25]; (c) suspended LN
waveguide[91]; (d) SiO2 microsphere

[20]; (e) SiO2 microdisk
[23]; (f) SiGe alloy waveguide[46]; (g) suspended Si racetrack microring[53]; (h) suspended Si waveguide

in Si3N4
[26]; (i) Si waveguide with phononic crystals[3]; (j) Si waveguide with silica pillar[61]; (k) leaky Si3N4 microring

[29]; (l) Si3N4 waveguide
[70]; (m) Si3N4 slot

waveguide[54]; (n) suspended AlN microring[30]; (o) suspended AlN waveguide[56]; (p) suspended AlN membrane[90].
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piezoelectric material is found to be a kind of outstanding
material for external acoustic pumping. Brillouin acousto-optic
interaction based on external acoustic injection is one of the
most promising solutions for the future. Among piezoelectric
materials, aluminium nitride (AlN) and lithium niobate (LN)
are often used as an active material in Brillouin interactions
and optomechanical interactions[30,31,56,57,83–91]. In general, the
acoustic modes are electrically generated by interdigital trans-
ducers (IDTs) patterned on top of piezoelectric materials.
With the design of a suspended structure, the good confine-
ment of optical waves and the electrically induced acoustic
waves greatly enhance Brillouin interactions and optomechan-
ical interactions in active waveguides.

3.2. Applications of on-chip SBS

With the inherent narrow linewidth of SBS amplitude response,
phase response, gigahertz frequency shift as well as group time
delay[43,92], SBS-based devices havemany particularly promising
applications in microwave photonics (MWP) signal processing
and optical communications, as shown in Fig. 5. Additionally,
Fig. 6 displays the experimental setups and principles of partial
on-chip SBS applications. The introduction of on-chip SBS
can make these application platforms perform better in terms
of high speed, high precision, and lightweight.

3.2.1. Microwave synthesizers

Since the microwave signal can be generated by the beat note
between a pump wave and a Stokes wave, the Brillouin lasers
mentioned above can provide promising solutions for micro-
wave source synthesis with ultralow phase noise[41,93,94], and
the linewidth of microwave source can be further narrowed if
the Brillouin oscillators are in phonon lasing mode[29,95–97].
Additionally, optoelectronic oscillators (OEOs) based on SBS
interactions can be used to generate microwave sources with
low phase noise as well[34,98–100]. In the optoelectronic oscilla-
tors, the carrier signal undergoes a phase modulator seeded

by white noise; then one of the side modes is amplified by an
optical pump wave through SBS interactions in a Brillouin-
active waveguide; finally, the beat note between the carrier signal
and the amplified side mode is fed back into the phase modu-
lator. Thus, the OEO begins oscillating above threshold and out-
puts microwave signals with low phase noise (< −100 dBc=Hz
at 100 kHz offset frequency)[100]. Since the frequency of output
microwave signals is determined by the frequency of the pump
wave and the Brillouin shift, we can obtain widely tunable fre-
quency ofmicrowave signals (∼40GHz) by tuning the frequency
of the pump wave.

3.2.2. MWP filters

MWP filters are one of the most important devices in micro-
wave systems, which can be used to suppress interferences.
Traditional optical filters such as Bragg gratings have relatively
low resolution (∼GHz)[101]. However, the narrow linewidth of
SBS is quite suitable for narrowband MWP filters. The first
MWP notch filter based on on-chip SBS was achieved in an
As2S3 rib waveguide with a bandwidth of 126 MHz, a notch
depth of 20 dB, and a frequency tunability in the range of
2–8 GHz[102]. Moreover, since the Brillouin gain is tailorable,
the bandwidth of filter is also reconfigurable. A reconfigurable
MWP filter was demonstrated with tunable bandwidth from
30 up to 440 MHz by electrically tailoring the pump, and the
central frequency can be also continuously tunable up to 30 GHz
while maintaining the frequency response[103]. Thereafter,
MWP filters with an ultranarrow bandwidth of 3 MHz have
been achieved based on Si waveguides as well[65,104].

3.2.3. Light storage and time-delay components

Light storage and time delay are critical to radar and signal syn-
chronization[105]. According to the Kramers–Kronig relation,
the SBS gain/loss spectra and the refractive index are uniquely
correlated[106], which makes it possible to control the phase
of microwave signals. Up to now, four different schemes of

Table 1. Different Material Platforms and the Corresponding Properties for On-Chip SBSa.

Material
Intrinsic Loss
(dB/cm)

Refractive
Index

Photoelastic Coefficient
(p11, p12)

Acoustic Velocity
(m/s)

Density
(kg/m3)

Piezoelectric Coefficient
(d13, d33) (pm/V)

As2S3 < 0.01 2.4 (+0.24, +0.25) 2527 3430 N/A

SiO2 < 1.4 × 10−5 1.45 (+0.12, +0.27) 5915 2203 N/A

Si < 0.01 3.5 (−0.09, +0.017) 8909 2330 N/A

Ge < 3 4 (−0.151, −0.128) 5235 5350 N/A

Si3N4 < 0.004 2 (*, ±0.047) 10,500 3100 N/A

AlN < 0.13 2.15 (−0.1, −0.027) 10,970 3257 (−2.65, 5.53)

LN < 0.002 2.237 (−0.026, 0.07) 3491–4004 4628 (−4.64, −43.70)

aThese data are taken from Refs. [2,29,63,64,70-75].
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Fig. 5. Applications of on-chip SBS. (a) Microwave synthesizer based on SiO2 microdisk
[93]; (b) MWP filter based on As2S3 rib waveguide

[102]; (c) reconfigurable MWP
filter based on As2S3 rib waveguide

[103]; (d) MWP filter based on Si waveguide[65]; (e) slow and fast light based on As2S3 rib waveguide
[109]; (f) light storage based on

SiO2 microsphere
[107]; (g) light storage based on As2S3 rib waveguide

[32]; (h) isolator based on Si waveguide[55]; (i) isolator based on AlN microring with external
acoustic pumping[30]; (j) optical gyroscope based on SiO2 microdisk

[39]; (k) optical gyroscope based on Si3N4 microring
[29]; (l) optical frequency comb based on

As2S3 rib waveguide[127]; (m) optical frequency comb based on As2S3 microring
[128]; (n) optical frequency comb based on SiO2 microbubble

[129].
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time delay based on SBS have been demonstrated by slow
light[107–109], dynamic gratings[110–112], quasi-light storage[113,114],
and light storage[115,116]. Slow-light systems usually can be catego-
rized inmaterial slow-light and structural slow light[117]; slow light
based on SBS belongs to the former. Compared to the electromag-
netically induced transparency, which also belongs to material
slow light, slow light based on SBS can work stably at room tem-
perature. The first tunable slow and fast light based on on-chip SBS
was demonstrated in an As2S3 rib waveguide with a maximum
delay of ∼23 ns[109], and the first light storage was demonstrated
in a SiO2 microsphere with a lifetime up to 10 μs[107], limited only
by the phonon lifetime.

3.2.4. Optical isolators and nonreciprocal components

Nonreciprocal devices, in which the time-reversal symmetry of
Maxwell’s equations is broken for light propagation[30], can be
applied as optical isolators and circulators. Although optical
components such as waveguides, filters, couplers, lasers, modu-
lators, and detectors have been already implemented in inte-
grated photonics, it is still a big challenge to achieve on-chip
nonreciprocal light propagation without magneto-optics, since
the SBS process has unique phase-matching conditions, which
depend on the direction of the pump wave. Hence, SBS is also
a nonreciprocal process and can be utilized to achieve on-chip
isolators and circulators. Nonreciprocal devices based on SBS

Fig. 6. Experimental setups and principles of on-chip SBS applications. (a) MWP filters[103]; (b) light storage and time-delay components[107]; (c) optical isolators
and nonreciprocal components[55]; (d) optical gyroscopes[29].
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have the advantage of large bandwidth (>25 nm) and signal
strength linearly related to pump power or radio-frequency
power (isolation > 20 dB)[8,118], showing great application pros-
pects. The first on-chip demonstration was realized by inter-
modal FSBS in a Si waveguide[55], which showed a 38 dB
isolation between forward light and backward light with an
operation bandwidth of more than 125 GHz. Then nonrecipro-
cal propagation was also achieved in an AlN microring through
external acoustic pumping[30], which demonstrated amode con-
version asymmetry of 15 dB and efficiency of 17% over a band-
width exceeding 1 GHz. By contrast, the devices based on
external acoustic injection have smaller sizes. Most recently, iso-
lator with low loss (0.74 dB) and high nonreciprocal contrast
(>10 dB) has also been achieved in Si waveguides with the help
of piezoelectric AlN film[119].

3.2.5. Optical gyroscopes

Optical gyroscopes are widely employed in commercial and
military systems. Traditional optical gyroscopes need a Sagnac
interferometer based on fiber or free-space resonator to detect
the rotation rates[120–122]. In order to miniaturize and compact
the gyroscopes, backward Brillouin lasing in microresonators
can be used to measure the rotation as a function of frequency
shift[39] because the counterpropagating lasers will experience
an opposite frequency shift due to the Sagnac effect. The on-chip
Brillouin optical gyroscope was first demonstrated in a SiO2

microdisk with sinusoidal rotation rates as low as 22 deg/h[39],
which is 40 times more than that of previous experimental
micro-optical systems. After that, gyroscope was also realized in
a Si3N4 microring with an angle random walk of 8.52 deg/h1/2

and bias instability of 58.7 deg/h[29,121], showing the great poten-
tial of on-chip high-precision Brillouin optical gyroscopes.

3.2.6. Optical frequency combs

Optical frequency combs play a quite important role in precision
spectroscopy, atomic clocks, metrology, and chemical sens-
ing[123–125]. The traditional optical frequency combs based on
mode-locked lasers are limited by device size and cost.
However, this status has gradually changed by the progress of
compact, chip-scale microresonators. The cascading Brillouin
lasing in ultrahigh Q microresonators enables the generation
of highly coherent frequency combs with a gigahertz repeti-
tion rate[126]. The Brillouin frequency comb was first demon-
strated in an As2S3 rib waveguide with 15 Brillouin lasing
lines[127]. After that, a Brillouin frequency comb based on an
As2S3 microring achieved wavelength across 1532.9–1557.5 nm
and comb spacing of 40 GHz, which enables coherent opti-
cal communications using the advanced modulation format
64-QAM[128]. WGRs such as microbubble[129] also demon-
strated high-performance frequency combs at communication
wavelengths. When the double balance of nonlinearity and
dispersion as well as dissipation and gain is satisfied, soliton
frequency combs can then be observed[125,130].

4. Outlook and Conclusion

Brillouin interactions have attracted extensive attention owing
to their unique acousto-optic properties. In this paper, we have
reviewed and summarized the fundamental principle and
diverse applications of on-chip SBS. With the maturity of inte-
grated photonics and nanophotonics, multiple material plat-
forms such as As2S3, SiO2, Si=Si3N4, and various structures
have been developed to implement efficient Brillouin acousto-
optic interactions. The traditional Brillouin integrated photonics
interacting with the optically excited acoustic waves are con-
fronted with the problems of larger size and higher pump
power[53]. In this condition, the piezoelectric materials such
as AlN and LN with excellent properties have become popular,
which demonstrate large acousto-optic coupling and electro-
mechanical coupling efficiencies simultaneously. The electri-
cally excited acoustic waves in piezoelectric materials greatly
increase the Brillouin coupling strength and make the Brillouin
devices more efficient and compact[31]. For the field of funda-
mental studies, Brillouin devices offer new opportunities for
quantum technology[131–133]. Phonon squeezing, phonon cool-
ing, and the strong coupling of Brillouin optomechanics are
expected to achieve quantum state transfer, memory, and trans-
duction. For the application aspect, Brillouin fiber sensing has
been used to monitor crucial structures, since Brillouin fre-
quency shifts exhibit sensitivity to environmental factors such
as temperature and strain. In this context, on-chip Brillouin
sensing becomes attractive. A recent experiment has shown
the first demonstration of the submillimeter Brillouin optical
correlation domain analysis measurement on a chip scale[134].
Since the phase conditions are sensitive to the resonant peak
spacing of the microcavities, the on-chip Brillouin can be uti-
lized to monitor the resonant drift and thermal information[135].
Furthermore, the current on-chip Brillouin devices are mostly
independent and can be monolithically integrated on a single
chip to achieve system-level applications in the future. In brief,
we believe that on-chip SBS will continue to thrive and can be
applied to many other fields with promising prospects.
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