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We study theoretically stimulated Brillouin scattering (SBS) in silicon nitride (SiN) waveguides
created as a phononic line defect inside a pillar-based phononic crystal membrane of the same
material for efficient confinement of the generated acoustic phonons to the optical waveguides. The
phononic defect is carefully designed to confine the transversally-resonating breathing acoustic mode
inside the phononic bandgap of the host phononic crystal. These breathing acoustic modes are well
excited by the fundamental optical modes of the waveguides. By optimizing this structure, we show
the possibility of achieving high SBS gain in an integrated platform with full CMOS compatibility
with other photonic and electronic functionalities. The combination of low-loss traveling photons and
long-lasting resonating phonons in the proposed SiN waveguide paves the way for the demonstration
of efficient on-chip SBS devices.

I. INTRODUCTION

Inelastic scattering of light by lattice vibration (so
called phonon) falls into two regimes, according to
whether the phase shift between the adjacent vibrating
lattice sites (i.e., atoms) is negligible or not. In the
Brillouin regime, light scattering induces a tiny phase
shift between atoms and results in the excitation of
acoustic phonons. In the Raman regime, however, the
phase shift is non-negligible and light scattering involves
optical phonons. Depending on whether the creation
of phonons is due to fluctuations or an intense optical
force, the scattered light falls in either the spontaneous
or stimulated regime, respectively. Similar to optical
parametric oscillations (OPOs), the prerequisite to an
efficient stimulated Brillouin scattering (SBS) is the
precise phase-matching between a pair of optical modes
(pump and red-shifted Stokes) and an acoustic mode. In
other words,

ωp − ωs = Ωm (energy conservation),
−→
k p −

−→
k s =

−→
Km (momentum conservation),

(1)

in which, ω/2π (Ω/2π) and
−→
k (
−→
K) are the frequency

and wavevector of the optical (acoustic) modes, and p,
s, and m denote the pump, Stokes, and acoustic modes,
respectively.

Although Brillouin scattering was predicted
in the 1920s, the interaction was experimentally
confirmed in quartz and sapphire [1] in 1964 following
the invention of the laser. Since then, with the
advancement in microphotonic and nanophotonic
fabrication technologies, devices that meet the essential
requirements of SBS process have been progressively
enhanced, enabling numerous applications for SBS
including narrow-linewidth lasers [2–4], inertial sensors
[5], non-reciprocal optical devices [6, 7], GHz-rate comb
generation [8–11], and slow light and optical memories
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[12–14]. These appealing applications have motivated
further investigations of SBS and its implementation in
platforms compatible with integrated photonics [15–17]
and electronics [18].

Different platforms have been studied for SBS such as
chalcogenide glasses [19, 20], Si [15–17], silica [4, 8, 21,
22], and CaF2 [23] to obtain a large SBS gain, g, and
ultimately a very low threshold power, Pth, quantified as
[15, 24, 25]

g(Ω) =
ωoQm

2km
|〈f,um〉|2Lm(Ω− Ωm),

Pth = α/gm,

(2)

where ωo/2π and α are the optical frequency and
the optical loss of the waveguide, respectively; f is
the power-normalized optical force vector, and Ωm/2π,
um, Qm, and km are, respectively, associated with the
resonance frequency, displacement vector, quality factor,
and effective stiffness of the acoustic mode m, gm =
g(Ωm) and Lm(Ω − Ωm) is the normalized Lorentzian
lineshape with Lm(0) = 1. We assumed ωs = ωo and
ωp − ωs � ωs as the SBS frequency spacing between
optical pump and Stokes waves is often a few GHz. Once
the total SBS gain, GSBS = gmPp, exceeds the optical
loss (α), i.e., there is a net SBS gain, the Stokes wave
grows as

Ps(L) = Ps(0) exp(gmPpLeff − αL), (3)

in which Pp is the (non-depleted) input pump power and
Leff = (1 − exp(αL))/α. Eq. (2) reveals that to achieve
the maximum gain (i.e., gm) the integral overlap between
the optical force and the acoustic mode over the cross
section of the structure (A) (i.e., 〈f,um〉 =

∫
A
f ∗ · umda)

has to be maximized. This necessitates tight localization
of optical and acoustic modes along with a large optical
force whose profile matches the displacement profile of
the acoustic mode. Additionally, Eq. (2) emphasizes
the importance of optical loss and mechanical quality
factor in lowering the threshold power. As a result,
different materials and designs have been investigated
for low-loss tight confinement of optical and acoustic



2

 

 

 

 

 

Brillouin-like Acoustic
Phonons

Raman-like Acoustic Phonons
10

6

2

4

8

0
0 0.1 0.2 0.3

Normalized wavenumber (Kma)

Fr
eq

ue
nc

y 
(G

H
z)

5

2
3

4

1

Waveguide

w

h

(a)

(b)
3) Torsional

4) Longitudinal 5) Breathing

1) Shear vertical 2) Shear horizontal

z
y

x

0 1

Displacement

FIG. 1. Phononic dispersion diagram of a free-standing
SiN nanowire. (a) Phononic dispersion bands of a nanowire
with (w, h) = (600, 400) nm and (E, ν, ρ) = (250 GPa,
0.25, 3100 kg/m3). E, ν, and ρ are Young’s modulus,
Poisson’s ratio, and mass density, respectively. The acoustic
wavenumber is normalized to ”a”, which is the length of
the simulated portion of the waveguide (i.e., a = 500 nm );
Dispersion bands can be classified as Brillouin-like acoustic
phonons and Raman-like acoustic phonons based on the
starting frequency at Kma = 0. (b) Vibration profiles and
propagation direction (i.e., along the y direction) of the
acoustic modes of the SiN nanowire at Kma = 0.3 for bands
1–4 and Kma = 0.01 for band 5 in (a). White arrows depict
the dominant vibration direction.

waves. To achieve a large optical force, a large refractive
index contrast is needed. This is the motivation
behind using free-standing Si nanowires [15, 16, 26]
that confine both acoustic and optical waves via total
internal reflection. However, Si nanowires suffer from
linear losses (i.e., scattering loss) and nonlinear losses
(such as two-photon absorption (TPA) and TPA-induced
free-carrier absorption [15, 27]) that may stifle efficient
on-chip SBS generation. Some other proposed platforms
like CaF2 or silica either are not suitable for integrated
photonics or possess small refractive index contrasts.
Among several alternative materials, silicon nitride

(SiN) is a promising platform as it is fully compatible
with integrated photonics technology with a relatively
large refractive index, wide transparency window (i.e.,
from visible to infrared wavelengths), and ultra-low
optical losses [28]. Wider transparency window in SiN
permits SBS interaction at shorter optical wavelengths
(not possible in Si and chalcogenide structures) and
allows the use of low-noise solid-state lasers [29, 30]
at these wavelengths. In addition, high-tensile stress
in low-pressure-chemical-vapor-deposited (LPCVD) SiN
allows extremely low phononic losses [31–34], enabling
higher SBS gains.

In this paper, we theoretically study SBS for the
first time in SiN waveguides and propose a new
platform based on the integration of low-loss SiN optical
waveguides with phononic crystal (PnC) membranes for
confining and engineering the desired acoustic modes.
The PnC structure bandgap confines the excited acoustic
phonons close to the optical waveguide, leading to the
generation of a Stokes wave through SBS with high
SBS gains and low threshold powers. In Section II,
we first detail the acoustic dispersion diagram of the
SiN nanowire and then explain the design of the PnC
structure and the line-defect to confine the breathing
acoustic mode. In Section III, we discuss the SBS
gain in this membrane structure and compare it with
a free-standing nanowire with no PnC. Final conclusions
are summarized in Section IV.

II. DESIGN OF THE PHONONIC CRYSTAL
STRUCTURE

Figure 1(a) shows the schematic of a free-standing
SiN nanowire, and the corresponding phononic dispersion
diagram of its acoustic modes propagating along
the y direction calculated using the finite element
method (FEM) in the COMSOL environment [35].
The dispersion diagram is extracted by applying
Floquet periodic boundary conditions on the boundaries
perpendicular to the y axis (see Fig. 1(b)). Figure 1(b)
depicts the displacement profiles of different bands in
the nanowire phononic dispersion diagram at normalized
wavenumbers Kma = 0.01 and 0.3. Investigation of the
phononic bands starting with Ωm(Km = 0) = 0 (i.e., the
blue curves in Fig. 1(a)) reveals that the polarization of
bands 1 and 2 are shear vertical and shear horizontal,
respectively. Band 3 is a torsional mode resulting
from mixing bands 1 and 2 via the boundaries of the
nanowire, and band 4 is a longitudinal mode. Since the
polarizations of bands 1–4 resemble those of the acoustic
modes in bulk material (that are utilized in conventional
Brillouin scattering), we refer to them as Brillouin-like
acoustic phonons. However, the phononic bands with
Ωm(Km = 0) 6= 0 (i.e., red curves in Fig. 1(a)) resonate
transversally between boundaries of the nanowire at
smaller wavenumbers and gradually tend to be traveling
as wavenumber increases. As these red bands in Fig. 1(a)
behave similar to optical phonons in the vicinity of Km =
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FIG. 2. Proposed SiN structure for the SBS interaction. (a) The schematic of the pillar-based SiN waveguide for SBS generation,
showing the phononic crystal and the optical ridge waveguide along with the vibration profile of the breathing acoustic mode
confined inside the phononic bandgap of the PnC. The PnC is formed by a triangular lattice of SiN pillars standing on a
thin SiN membrane. The phononic line defect is designed such that the breathing vibration is maximized inside the optical
waveguide. The displacement profile in (a) is at normalized wavenumber Kma ≈ 0. (b) Phononic dispersion diagram of a
primitive unit cell of the PnC (highlighted in (a)) over an irreducible Brillouin zone (shown in the inset of (b)). The pillars’
height, radius, and membrane thickness are (h/a, r/a, t/a)=(0.64, 0.44, 0.16), respectively.

0, we refer to them as Raman-like acoustic phonons
[9]. By expanding the structure from nanowire to bulk
with no boundaries, Raman-like acoustic phonons merge
with Brillouin-like acoustic phonons and what remain
are the three fundamental types of acoustic plane waves:
longitudinal, shear vertical, and shear horizontal.

Among Raman-like acoustic modes, the breathing
acoustic mode (i.e., the green band 5 in Fig. 1(a)) yields
the highest interaction with the fundamental guided
photonic mode (i.e., TE1) of the SiN nanowire. This is
because the cross-sectional variation of the displacement
profile of these breathing acoustic modes closely matches
the profile of the radiation pressure of the photonic
mode, which is normal to the surface of the optical
waveguide. This greatly enhances the SBS gain (because
of gm ∝ |〈f,um〉|2) and reduces the threshold optical
pump power for nonlinear processes (e.g., phonon lasing)
compared to other acoustic modes of the structure.
The mechanical resonance frequency of these Raman-like
breathing modes in sub-micron-size dimensions for SiN
devices falls in multi-GHz frequency ranges.

The need for a mechanical support in a practical
structure results in acoustic loss through the support
that will reduce the overall SBS gain. To overcome this
challenge, in our design, the optimal SiN nanowire is held
in place by adding a PnC structure on the two sides (see
Fig. 2(a)) exhibiting a phononic bandgap (PnBG) at the
desired range of frequencies, which provides the support
for the nanowire and yet confines the acoustic phonons to
the SiN optical waveguide region at bandgap frequencies
for strong photon-phonon interaction. Compared to
the structures confining the generated acoustic phonons
through the acoustic refractive index contrast between
the waveguide and substrate (e.g., [19]), membrane
structures enable tighter confinement because there is no

decaying tail for the acoustic modes to the surrounding
environment (unless through the membrane). The
application of the PnC structure, furthermore, limits the
number of confined acoustic modes to those over a certain
range of frequencies within the PnBG, culminating in a
smaller resonant mode as compared to membrane-based
nanowires suspending with arms at far distances [16],
which are in general acoustically highly multi-mode.
Therefore, PnCs prevent the formation of SBS at
frequencies outside the PnBG because of the small
overlap between the associated vibration profile with the
optical force, which is highly localized to the optical
waveguide region, yielding an extremely small SBS gain
(i.e., 〈f,um〉 ≈ 0). This minimizes the competition
between different acoustic modes in SBS, resulting in
SBS with a cleaner spectrum and lower threshold power.
The mechanism of phononic confinement in a pillar-based
PnC is the Bragg reflection that is enhanced by local
resonances of the SiN pillars [36]. Due to the large
optical refractive index contrast between SiN and air,
a small distance between the PnC structure and the
SiN nanowire in Fig. 2(a) is enough to make sure that
the guided optical modes of the SiN waveguide do not
interact with the PnC pillars. Since the pillars in
the structure (see Fig. 2(a)) do not scatter the guided
photons, the design of the line defect inside the PnC
(which effectively forms a PnC cavity) is independent
of the design of the optical (SiN) waveguide. This
simplifies the design procedure. To design the PnC
cavity, we first optimize a unit cell of the triangular
pillar-based PnC (see Fig. 2(a)) to support a wide
PnBG with a center frequency close to resonance
frequency of the desired breathing acoustic mode of
the free-standing SiN nanowire. After designing the
unit cell, we create a phononic defect by removing a
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FIG. 3. FSBS gain in SiN nanowires and PnC-assisted SiN
waveguides. (a) Variation of the FSBS gain in the SiN
nanowire for the acoustic mode shown in (b) as a function
of its width (w) for three different heights (h = 0.3 µm,
h = 0.4 µm, and h = 0.45 µm). In addition, the FSBS
gain for a PnC-assisted waveguide with the total thickness
of 400 nm is compared with that of different nanowires.
The gain slightly reduces because of the extension of the
acoustic waves to the pedestal. (b) The acoustic breathing
vibration mode and the electric field of the fundamental TE
optical mode (i.e., TE1 whose electric field lies in the plane
of the nanowire) used in the simulation of the FSBS gain of
nanowires. In addition, the breathing-like acoustic vibration
mode inside the PnC-assisted waveguide is depicted, which
is a combination of two primary vibrations: breathing and
flexural.

few rows of pillars from the perfect PnC and replacing
them with the SiN nanowire (i.e., the center region in
Fig. 2(a)). The resulting structure can be visualized
as a SiN nanowire with side pedestals surrounded
by two perfect PnC regions (see Fig. 2(a)). The
width of the PnC line defect is then finely adjusted
to support a breathing-like acoustic mode possessing
the maximum breathing vibration inside the optical
waveguide. For ease of fabrication, we assume the height
of the pillars and the waveguide to be identical, which
then allows to fabricate the whole structure using a
single lithography-and-etching step without the need for
separately aligning pillars with the SiN waveguide. This
is very important when fabricating a long waveguide as
a minor misalignment between the waveguide and the
PnC can significantly change the spectrum of SBS and
make the Stokes linewidth broader. As an example,
using a search through FEM simulations, for the optical
waveguide width of w = 0.7 µm (see Fig. 2(a)), we chose
a = 0.5 µm, r = 0.22 µm, h = 0.32 µm, and t =
80 nm for the PnC structure whose dispersion diagram
is shown in Fig. 2(b) demonstrating a large PnBG in the
5.48 – 7.69 GHz frequency range. We also selected the
width of the phononic line defect w′ = 2.77 µm because
it yields stronger breathing vibration inside the selected
optical waveguide width, which accordingly maximizes
the overlap between the confined acoustic mode and the
guided photonic modes in the optical waveguide width of
w = 0.7 µm.

III. OPTICAL FORCES AND SBS GAIN
CALCULATIONS

Traditional SBS theory [37] only captures the
bulk-induced nonlinearity (i.e., the electrostriction effect
—the material density variation in response to the
light intensity, which accordingly affects the material
permittivity) and treats optical and acoustic waves as
plane waves. However, as the cross-section of the
waveguide scales down, plane-wave-approximated SBS is
no longer valid because it misses the boundary-induced
nonlinearities primarily caused by radiation pressure
that plays a major role in SBS at nanoscale structures.
Recent studies [24] predict a large enhancement of SBS in
nanostructures as a result of the boundary effects, which
add to the SBS caused by electrostriction effect. In fact,
traveling photons inside a structure with nanoscale cross
section exert a noticeable optical pressure normal to the
boundaries of guiding region formulated as [25]

f (r) = (
−1

2
∆ε Ept(r)E∗st(r) +

1

2
∆(ε−1)Dpn(r)D∗sn(r)) n̂ δ(r− rΩ), (4)

derived from the Maxwell stress tensors (MSTs). In
Eq. (4), E, D, and ∆ε denote the electric field

amplitude, the electric displacement field amplitude, and
the difference in the permittivity across the boundaries,
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respectively; subscripts t and n refer to the tangential
and normal components, subscripts p and s refer to the
pump and Stokes waves, respectively. In addition, r
is the position vector and n̂ represents the unit vector
normal to the boundaries of the waveguides; and δ(r) is
the Dirac delta function. The force is non-zero only at the
boundaries of the waveguide (i.e., r = rΩ) and pointing
from the high-index region (larger ε) to the low-index
region (smaller ε). MSTs can also induce a body force
inside optical waveguides if the refractive index varies
across the cross-section, which is not the case for our
structure.

To calculate the force and the overlapping integral
between the optical and acoustic modes of the structure
shown in Fig. 2(a), we first use the FEM to simulate
the optical and acoustic modes (and their corresponding
frequencies and field profiles) using eigen-mode analysis.
We then import these modes in the vectorial format
into an in-house MATLAB code to calculate the optical
force using Eq. (4), and then the overlapping integral
between optical and acoustic modes to find the SBS gain
as formulated in Eq. (2). Here, we consider forward SBS
(FSBS) in which pump and red-shifted Stokes waves are
co-propagating. Considering the energy and momentum
conservations in FSBS (i.e., Eq. (1)) when pump and
Stokes waves are from the same optical dispersion band,
we obtain

Km = kp(ωp)− ks(ωs) = Ωm
∂k

∂ω
= Ωm/vg, (5)

where vg is the group velocity of the optical waves.
Therefore, to satisfy the phase matching condition in
the FSBS, the phononic structure should support an
acoustic mode with acoustic phase velocity that matches
the group velocity of the engaged optical modes. The
nonzero frequency of the Raman-like modes at zero
wavenumber and the flat nature of their band structure
will ensure the phase matching condition. Owing to
the fact that the frequency of the Raman-like breathing
acoustic mode is several orders of magnitude smaller than
the frequency of the optical pump and Stokes modes (i.e.,
(ωp − ωs)/ωp � 1), we can assume in our structure that
the optical mode profile of the incident pump and Stokes
modes are similar.

Figure 3(a) shows the magnitude of the FSBS gain in
free-standing nanowires as a function of the waveguide
width (i.e., w) simulated for the breathing acoustic
mode at λopt = 1.55 µm. As shown in Fig. 3(a),
the maximum radiation pressure gain normalized to the
mechanical quality factor of the acoustic mode (i.e.,
gm/Qmech) is achieved for a SiN waveguide with h =
400 nm and w = 550 nm, which is gm/Qmech =
0.06 (W.m)−1. Figure 3(a) highlights the importance of
tight localization, i.e., the smaller width of the waveguide
results in a larger SBS gain or a stronger photon
scattering due to the generated SBS acoustic phonons.
For waveguides with widths smaller than 0.5 µm, the
light confinement inside the physical cross section of
the SiN nanowire is considerably reduced, resulting in a
reduction in the integral overlap of optical and acoustic
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other acoustic branches of the structure. (d) The FSBS gain
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breathing mode of an ideal nanowire (i.e., the mode with the
largest “breathing-like parameter” in (b)) as a function of w.
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modes, and therefore, the SBS gain. In Fig. 3(a), we also
compare the normalized SBS gain (i.e., gm/Qmech) in the
PnC-assisted structure with SiN nanowire. To calculate
the gain in the PnC-assisted structure as a function of
the width, the PnC is accordingly adjusted to have the
breathing frequency at the middle of its PnBG. The
smaller value of gm/Qmech in the PnC-assisted structure
can be attributed to the emerging flexural vibration in
the pedestal (see Fig. 3(b)), which slightly delocalized
the acoustic mode from the optical waveguide. In fact,
the flexural vibration does not significantly scatter light
compared to breathing vibration because it preserves the
total area of the nanowire cross-section. However, the
PnC membrane provides loss-less support for the SiN
waveguide and better structural stability compared to
the bare SiN waveguide with arms at far distances. This
enables fabrication of longer SBS waveguides leading to
a larger power in the Stokes wave.

It has been shown that the high tensile stress
in LPCVD-deposited stoichiometric SiN results in
extremely high mechanical quality factors (Qm-frequency
product > 2 × 1013 [33]) at room temperature and
(Qm-frequency product > 3 × 1015 [34]) at millikelvin
temperatures in SiN membranes. Therefore, having
additional PnC to prevent anchor loss (or phononic
leakage) makes Qm ≈ 104 a reasonable prediction at
GHz frequencies for SiN membrane. Therefore, we expect
that the SBS gain around gm = 600 can be achieved in
tensile-stress SiN. In addition, the presence of the PnC
structure eliminates several undesired acoustic modes
that naturally exist in the nanowire structures, which
can result in the generation of unwanted Stokes modes.
Thus, the proposed PnC-assisted structure in this paper
improves several properties of a single nanowire for SBS
generation.

In order to further highlight the benefits of
integrating the membrane structure with PnCs, we
also study the FSBS gain in a nanowire sitting on
a membrane without PnCs (see Fig. 4(a)). Because
the nanowire-on-membrane structure (Fig. 4(a)) with
infinite width (w) does not support a breathing mode
confined inside the nanowire, we calculate the FSBS
gain for membrane structures with finite width. In
Fig. 4(b), the acoustic resonances of this structure as
a function of w are shown and color-coded based on
the “breathing-like parameter”, which is the overlap
integral over the region specified in Fig. 4(a) between
the normalized field patterns of the acoustic resonance
mode of the nanowire-on-membrane structure and that
of the corresponding ideal nanowire (a free-standing
nanowire with no membrane) with the same height and
width. Figure 4(c) illustrates the zoomed version of
Fig. 4(b) around w = 4 µm, which shows an avoided
crossing (or mode splitting) between different acoustic
branches. The simulated mode profiles of different
points on the band structure in Fig. 4(c) reveals the
transition of the acoustic mode families across the

avoided crossing. Figure 4(d) shows variation of the
FSBS gain as a function of w for the breathing-like
vibration and illustrates that by extending the width
of the structure, the FSBS gain reduces owing to the
lower concentration of the acoustic mode energy (or
power) in the form of breathing vibration inside the
optically relevant region (i.e., nanowire). This highlights
one of the benefits of the PnC-based structure that
enables confinement of the (breathing) acoustic modes
to the optical region. In addition, Fig. 4(d) reveals that
the FSBS gain drops when breathing acoustic modes
transition from one acoustic branch to another acoustic
branch of the structure.

We should also highlight that in addition to radiation
pressure, electrostrictive force also contributes to the
SBS interaction and could be significant as those in
silicon nanostructures. However, there is no reported
measurement on the photo-elastic coefficients of SiN [38]
that allows us to incorporate them in our study.

IV. CONCLUSION

Here, we have proposed a new integrated waveguide
platform in SiN for stimulated Brillouin scattering
that benefits from low optical losses, wide optical
transparency window, and high optical power-handling
of SiN, which enables our structure to achieve high
total SBS gain (i.e., GSBS = gmPp). Additionally, the
tensile-stressed LPCVD SiN when accompanied by our
designed PnC membrane can lower the SBS threshold
power by suppressing phononic leakage. Moreover, the
PnC membrane in the proposed SiN waveguides can
enhance SBS by: 1) maximizing the overlap between
the desired acoustic modes with the optical forces,
and 2) reducing the number of unwanted acoustic
modes. Minimizing unwanted acoustic modes could also
potentially reduce the power budget for the SBS process
by eliminating the creation of unwanted Stokes wave
from the scattered input pump. Our photonic/phononic
platform allows the design of single-mode acoustic
waveguides, which benefits applications like GHz-rate
comb generation requiring a uniform spacing between
combs. Harnessing SBS in SiN enables monolithic
integration of SBS devices with on-chip photonics and
electronics functionalities, which promises unprecedented
on-chip nonlinear optics and GHz signal processing
applications in an integrated platform.
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