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ABSTRACT

Recent developments in on-chip forward Brillouin scattering open up potential applications such as RF photonic signal processing, on-chip
Brillouin amplification, and on-chip Brillouin lasers. The stimulated Brillouin scattering gain coefficients become significant with a small
optical mode area, and the Brillouin net amplification has been believed to be strong with a small mode area, too. However, here, we present
a theoretical study of higher net amplification with a large optical mode area than that with a small mode area and explain this counter-
intuitive phenomenon by examining the contribution of various optical forces to Brillouin gain coefficients for various optical waveguide
dimensions. The simulation results show that a waveguide with large optical waveguide dimensions can yield significant net amplification by
high Brillouin gain coefficients and low optical losses at high pump power even if the Brillouin gain coefficients are lower than that with a
small waveguide dimension. Therefore, it is necessary to optimize the optical waveguide dimensions to achieve maximum net amplification
for the development of Brillouin lasers and amplifiers in silicon-based nanophotonics.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5125699

INTRODUCTION

Large nonlinear optical effects in silicon photonics have been of
great interest to the physics and signal processing communities due
to their wide range of applications." The stimulated Brillouin scat-
tering (SBS) effect is one of the strongest nonlinear effects in optical
fibers, and on-chip SBS effects have been recently observed in sil-
icon waveguides,”’ showing great potentials in the applications of
on-chip SBS net amplification,”” the SBS laser,” efficient microwave
signal processing,” nonreciprocal information amplification, ' and
optomechanical cooling.'""”

Subsequent to the demonstration of large forward SBS net
amplification in silicon,”” on-chip forward Brillouin gain has been
intensively studied in silicon resonators'”'* achieving high forward
SBS gain coefficients; however, the net amplification was not suf-
ficient for an on-chip Brillouin laser. Recently, a silicon Brillouin
laser has been demonstrated for the first time using stimulated
intermodal Brillouin scattering through a suspended silicon waveg-
uide racetrack structure.’ It consists of a multimode racetrack cav-
ity with two Brillouin-active regions and a mode-specific coupler.

The proposed scheme provides a practical application using forward
SBS on a CMOS-compatible silicon chip.

The net amplification in silicon, i.e., larger SBS gain than total
optical loss, can be achieved by reducing the optical loss as well as
phonon loss. Several types of nano/microphotonic structures have
been designed to reduce phonon dissipation through the silica sub-
strate, including phononic crystals,””'® waveguides supported by
pillars,” tapered fibers,'”” photonic crystal fibers, ®'” suspended sil-
icon nanowires,” the hybrid (silicon and silicon nitride) Brillouin
active membrane (BAM) waveguide with air slots,” and the all-
silicon BAM waveguide with air slots.” The hybrid BAM structure
is similar to the all-silicon BAM structure except for the phononic
waveguide material, silicon nitride. The hybrid structure using sil-
icon nitride has advantages of tensile stress to support the sus-
pended membrane parts and less the effect from flexural acoustic
modes.

Among the various types of on-chip SBS structures, the
hybrid BAM waveguide structure investigated in this research
has the advantage of independent control of its photonic and
phononic waveguides, having more degrees of freedom in designing
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structures.” The experimental results show a tailorability of the SBS
resonant frequency by varying the widths of the phononic waveg-
uides. Moreover, its rich Brillouin resonant features reveal the oper-
ational bandwidth of SBS excitation. In Ref. 20, two BAM waveg-
uides with a fixed phononic dimension of 3.8 ym, but with dif-
ferent photonic waveguide widths of 313 nm and 950 nm, were
experimentally examined; the results showed that the operational
bandwidth is wider with the 313-nm BAM waveguide, but the SBS
gain coefficients at low frequencies are comparable to each other.
This proved the additional tailorability of the BAM waveguide with-
out significant compromise on the SBS gain. In addition, most of
the on-chip SBS experiments have been performed with the small-
est optical effective mode area to enhance the Brillouin scattering
effects, although it is well known that light in silicon waveguides
experiences large linear and nonlinear absorption of silicon such as
two-photon absorption (TPA) and TPA-induced free carrier absorp-
tion (FCA).**' Thus, the enhancement of on-chip SBS net ampli-
fication requires the optimization of both photonic and phononic
confinements.

Here, the contributions of electrostrictive (ES) forces and radi-
ation pressure (RP) to the SBS gain coefficients and operation band-
width are investigated numerically for different optical waveguide
dimensions. The results show that the SBS operation bandwidth
and gain coefficients have dependence on the width of the photonic
waveguide, whereas the fixed phononic waveguide dimensions (slot-
to-slot distance) result in nearly constant resonant frequencies. The
Brillouin gain coefficient of the fundamental mode has the highest
value with the 500-nm width waveguide, but the net amplification
is small due to the linear and nonlinear absorption effects on sili-
con. The powerful on-chip Brillouin net-amplification technologies
in silicon nanophotonics can open up a host of wide-band signal
processing capabilities and silicon Brillouin lasers.

THEORY AND SIMULATION

A BAM waveguide consists of a silicon waveguide with wings
of the silicon nitride membrane on both sides, as shown in Fig. 1,
having the advantage of independent control of its photonic and
phononic modes. The silicon waveguide at the center of the BAM
waveguide guides the photons (the red arrow in Fig. 1), and the
silicon nitride wings confine the phonons between the two ends
of the wings (white arrows in Fig. 1). The forward SBS process

Phonons

FIG. 1. Photon-phonon interaction through a BAM waveguide, illustrating the
propagation directions of optical mode (red arrow) and acoustic waves (white
arrows).

scitation.org/journal/adv

requires satisfying both energy-conservation and phase-matching
conditions.'*”*”’ The phononic waves travel nearly transversely, sat-
isfying the forward phase matching condition, and tailorable SBS
nonlinearities have been demonstrated by varying the silicon nitride
wing size while maintaining large SBS gain.”

The forward SBS gain coefficients can be numerically calculated
using the method of response theory of optical forces as given by”” >
wQp |<fES> um> + (fRP) um>|2

Gp(Qm) =
() 202,P,P; (tm, pum)

, (1

where w is the angular optical frequency of the pump light; P, (Py) is
the guided power of the pump (Stokes) wave; Q,, is the frequency of
the m-th acoustic mode; u, is the displacement of the m-th acoustic
mode; € and p are the permittivity and density of the corresponding
medium, respectively; Q. is the mechanical Q-factor of the system
for the m-th acoustic mode, respectively. Q,, in this study is fixed
as 1000. The inner product ({,)) between the two vector fields sig-
nifies the overlap integral over the waveguide cross section.”’ The
optical force is induced with the pump light in a silicon waveguide
by the electrostrictive force (fgs) and radiation pressure (frp). The
ES force occurs due to the change in the shape of a dielectric mate-
rial under the light of high intensity and can be calculated using
the electrostrictive tensor. Radiation pressure (RP) originates from
the change of momentum of photons at the boundaries and can be
calculated from the Maxwell stress tensor.”>”’ The product of the
acoustic displacement of each mode and optical forces determines
the SBS gain coefficients represented by |(fes, um ) + (fre, um)[*.

The spectrum of SBS gain coefficients can be optimized by
independent control of the BAM structure. The variance in the
dimensions of the phononic waveguide affects the acoustic mode
displacement, uy,, and resonant frequency, Q,,. Consequently, mul-
tiple resonant frequencies were observed and the adaptability of the
SBS resonant frequency over 12 GHz was demonstrated.” The pho-
tonic waveguide dimension used in Ref. 2 was 313 nm, having fixed
optical mode and optical force. With increasing photonic waveguide
dimensions, the optical mode area becomes large, yielding smaller
optical forces, and the change in the photonic waveguide affects
the product of optical forces and acoustic displacement, (f, uy).
This independent controllability of the optical force and phononic
mode must be investigated in depth to achieve large SBS net
amplification.

The details of the control of SBS gain coefficients are studied
using the three-dimensional finite element method by COMSOL
Multiphysics. Figure 2(a) depicts the structure of the BAM waveg-
uide for this simulation. The system consists of a silicon waveguide
and two silicon nitride wings with air around them. The air damp-
ing effect was neglected in the simulation as the resonant frequency
is very high (~GHz) to be affected by air, and the dominant acous-
tic modes contributing to the SBS gain coefficients are compressive
modes in the transverse direction of the silicon waveguide. Other
modes such as flexure and shear modes exist in experiments;” * how-
ever, they are less effective on the SBS gain coefficients as they do
not match well with the transverse optical forces. The thickness of
the silicon nitride wings as well as the silicon waveguide is 170 nm
to eliminate unwanted flexural and shear modes in the simulation
so that only the compressive phononic modes of the wings are con-
sidered. The width of the silicon waveguide, b, varies from 250 nm
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FIG. 2. Computational simulation of forward Brillouin scattering through the BAM
waveguide. (a) Cross section of BAM waveguide geometry in the simulation. The
silicon waveguide width b is variable, but the membrane thickness t is fixed at
170 nm. (b) The computed electric field profile of the fundamental TE-like mode
in a BAM waveguide. [(c) and (d)] The computed x- and y-components of the
ES force density, respectively. [(€) and (f)] The x- and y-components of the RP-
induced boundary forces, respectively. [(g)—(j)] The first three phononic modes of
displacement fields in the x-direction identified in (k). (j) The first phononic mode of
the y-direction displacement field in (k). Thescale of color bars of (g)-(i) and (j) is
50 times different. (k) SBS gain coefficients (blue circles) of a BAM waveguide with
W =5umand b= 0.5 um. The red curve indicates the envelope of allowable SBS
gain coefficients under the geometry. (1) The first resonant frequency of a BAM
waveguide with W = 20 ym against the photonic waveguide dimension, b.

to 2000 nm, and the dimension of the phononic mode is W. The
mechanical Q-factor in this study is fixed as 1000.

The SBS gain coefficients are estimated numerically by calculat-
ing the optical forces from the optical mode and allowable acoustic
modes of the BAM system, as shown in Fig. 2(a). The simulation
in this study is carried out with the fundamental TE-like modes of
the optical system, as shown in Fig. 2(b). The optical wavelength is
fixed at 1.55 ym, and the refractive indices of silicon, silicon nitride,
and air are 3.48, 1.99, and 1, respectively. For acoustic mode simula-
tion, Poisson’s ratio, [V, Uz, Uxy] = [0.36, 0.28, 0.064], and Young’s

ARTICLE scitation.org/journall/adv

modulus, [Ey, Ey, E;] = [169, 169, 130] GPa, were employed.25 Opti-
cal forces were calculated using photoelastic constants [p11, p12, pas]
=[-0.0875, 0.017, —0.051].2‘26 The simulation geometry dimensions
are W =5 ym and b = 0.5 ym. The x-component and y-component
of the ES force density calculated from the TE-like mode are shown
in Figs. 2(c) and 2(d), respectively. The red (blue) region indicates a
region having optical power to the right (left) side in Fig. 2(c) and
downward (upward) in Fig. 2(d) at a specific time. Similarly, the x-
component and y-component of the RP force density are shown in
Figs. 2(e) and 2(f), respectively, indicating that the RP force acts only
at the boundaries. The two optical forces yield constructive inter-
ference in the x-direction, but the y-component of the ES force is
directed opposite to that of the RP, summing up destructively and
hindering high SBS gain coefficients. The RP in the y-direction is
opposite to the ES force in the y-direction, which can reduce the total
SBS gain coefficients slightly; however, its effect is not significant due
to much smaller y-displacement than x-displacement.

The acoustic displacement modes induced by the optical forces
are shown in Figs. 2(g)-2(j). Figures 2(g)-2(i) present the nor-
malized x-direction displacements of the first three fundamental
acoustic modes, and Fig. 2(j) depicts the normalized y-direction
displacement of the fundamental acoustic mode. The x-direction
displacements are usually two orders of magnitude larger than the
y-direction displacements. The simulation result of the SBS gain
coefficients is shown in Fig. 2(k), where the red solid curve repre-
sents the envelope of the allowable SBS gain coefficients. The SBS
gain coefficients decrease at high frequencies, and similar trends
are experimentally observed in the data of Refs. 2 and 20. As the
most dominant acoustic modes are the compressive modes and the
simulation geometry can eliminate the influence of the flexure and
shear modes, the envelope of Fig. 2(k) shows a trend similar to
the experimental results.”*’ Figure 2(1) shows the first resonant fre-
quency against the photonic waveguide dimension with W =20 ym.
Since the fixed phononic waveguide dimension with varying pho-
tonic waveguide dimension yields a small change, less than 5%, we
neglect this variance in this study.

RESULTS

The operation bandwidth due to the SBS effect is examined for
various photonic waveguide widths b = [250, 300, 500, 1000, 2000]
nm with a fixed phononic waveguide dimension of 20 ym. Here, we
present the result for a wing width W = 20 ym, as the wing width
does not affect the trend of the envelopes. From the calculated SBS
gain coefficients, the envelopes of the normalized SBS gain coeffi-
cients contributed by both ES and RP are shown in Fig. 3(a). The
envelopes in Fig. 3(a) clearly indicate that the bandwidths of the
envelopes become narrower with a decrease in the dimensions of
the optical waveguide. By controlling only the optical waveguide,
the spectrum of SBS gain coefficients can be specifically designed.
The SBS gain coefficients decrease at higher frequencies mainly due
to the effect of Q%,, in Eq. (1); therefore, with the same amount of
work by the optical forces, the SBS gain coefficient of the fundamen-
tal mode is higher than that of the higher modes. From the results
of the SBS envelopes in Fig. 3(a), we define the excitation band-
width as the frequency at half maximum of the envelopes. In order
to explain the behavior of excitation bandwidth simply, we simplify
Eq. (1) with [(fes, um) + (frp, um)|” o< [um[*|E[*A%, PP, o< |E|*A’
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FIG. 3. Simulated Brillouin scattering gain coefficient envelope through BAM
waveguides. (a) Envelope of SBS gain coefficients for various photonic waveguide
widths b = [250, 300, 500, 1000, 2000] nm. The phononic waveguide dimension
and thickness of the BAM waveguide are fixed at W = 20 ym and t = 170 nm,
respectively. SBS coefficients are calculated using both ES and RP forces. (b)
Excitation bandwidth of calculated SBS gain coefficients for photonic waveguide
widths b.

and (um, pum) o< €|um|2A. Therefore, Gg(Q) o< ﬁ, when Qy, is
fixed. If the SBS gain coefficient is normalized, thenmthe excitation
bandwidth is inversely proportional to the square root of the waveg-
uide cross-sectional area A, Q,y; par < ﬁ. The realistic situation is
more complicated, but the simplified relationship of Eq. (1) reveals
the reduction of the excitation bandwidth. As shownin Fig. 3(b),
the calculated excitation bandwidth decreases significantly with the
increase in the width of the waveguide due to the overlap between
the optical and acoustic modes.

Next, we investigate the contribution of the individual ES force
and RP to the total SBS gain coefficients. The SBS gain coefficient of
the first Brillouin mode (Gis) that is contributed by RP, ES force,
and both RP and ES forces is shown in Fig. 4(a) for the photonic

(a) (b)
1200 — E§+kP 300 — RPXI
— RPy
E 40
° \
0700 1500
0 . . . 0 .
200 600 1000 1400 1800 200 600 1000 1400 1800
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Y 0
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= e b 1
v

FIG. 4. SBS gain coefficients by optical forces. (a) SBS gain coefficients of the
fundamental phononic modes for photonic waveguide widths b. The fundamen-
tal gain coefficients contributed by both ES and RP forces (blue), ES forces only
(green), and RP forces only (red). The inset shows the point where ES and RP
interfere destructively with each other. (b) Work done by the x-component (blue)
and y-component (red) of RP for varying photonic waveguide widths b. (c) Direc-
tion of x- and y-components of RP and displacement. The solid lines display the
direction of RP force, and the dotted lines indicate the direction of displacement.
The structure on the simulation is 20 um of the phononic waveguide dimension
(W) and 170 nm of thickness (t).

scitation.org/journal/adv

waveguide width b. The blue solid curve shows the SBS gain coeffi-
cient of the fundamental mode induced by both the ES force and RP,
and the green (red) line indicates the SBS gain coefficient by the ES
force (RP) individually. At small b, the contribution of RP to the SBS
gain coefficient (red) exceeds that of the ES force (green); however,
it decreases significantly at large b due to a reduction in the elec-
tric field and its discontinuity at the boundaries between the silicon
waveguide and silicon nitride membrane. In contrast to the trend
of the contribution of RP, the contribution of the ES force (green)
increases at higher b as the overlap between the optical and acoustic
modes increases, inducing a large contribution of the ES force to the
SBS gain coefficient. As the total SBS gain coefficient is proportional
to |(fes, um) + (frp, um )|, the total SBS gain coefficient (blue) has the
maximum value at an approximate value of b = 500 nm.

The SBS gain coefficients are large for small photonic mode
areas as the optical mode with a small core yields strong optical
forces by ES and RP. The simulation results show that the Brillouin
gain coefficient through the BAM waveguide has the largest value
at a waveguide width of 500 nm, as shown in Fig. 2(a). The Bril-
louin active nonlinearities with a narrow silicon waveguide can be
observed over a wide range of frequencies (>10 GHz), having a wide
operation bandwidth. The compact confinement of the optical mode
in the silicon waveguide allows for this wide operation bandwidth
with large Brillouin gain coefficients due to strong optical forces.

The SBS by RP in the inset of Fig. 4(a) has null gain coefficients
at a width of approximately 1000 nm, and the total SBS gain coef-
ficients at widths over 1000 nm are less than that by only the ES, as
shown in Fig. 4(a), indicating that the two optical forces of ES and RP
interfere destructively. To analyze this phenomenon, the SBS gain
coefficients contributed by RP are investigated in detail by separat-
ing the contributions of the x- and y-components of RP, as shown in
Fig. 4(b). The SBS gain coefficients by the x-component of RP (blue
curve) are maximum at a width of nearly 400 nm and decrease for
large dimensions as the electric field is mostly confined at the center
of the waveguide and the discontinuity of its tail at the boundary is
weakened. Moreover, as the thickness of the waveguide is fixed, the
strength of the y-component of RP (red curve) is constant, as shown
in Fig. 4(b). If the width of the waveguide is more than 1000 nm,
the y-component of the RP optical force exceeds the x-component,
as shown in the inset of Fig. 4(b). Finally, by considering the direc-
tions of the RP force and displacement, the destructive interference
in Fig. 4(a) can be explained. The x-directional displacement and
RP work in the same direction as shown in Fig. 4(c), but the y-
directional displacement is opposite in direction with respect to that
of RP. In Eq. (1), this opposite direction of displacement causes the
destructive interference for waveguides of widths over 1000 nm.

The SBS gain represents the photon energy transferred from
the pump beam scattered by the acoustic wave. If the length
of the BAM waveguide is L, then the SBS gain is defined as

AS,DkBS(L,wP—w;:Q,,,

Astokes (Liwp—0;=Qpn +AQ)
the resonant frequency much larger than the SBS gain bandwidth
and Agkes is the amplitude of the Stokes optical mode. In other
words, the SBS gain is defined as the ratio of the transmitted Stokes
power at a resonant frequency to that at a nonresonant frequency.
It indicates the strength of the SBS effect, but not the amplification
of light. The net amplification is the power ratio between the input
and output powers of a BAM waveguide at the resonant frequency,

2
, where AQ is the detuning frequency from
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considering both the SBS gain and waveguide loss. The net amplifi-

2
A Lw,—ws=C . ibiti
Auates Loy ~0:= Q) . It is a parameter exhibiting
Agtokes (0>“)p*“)s=0m )

the usefulness of a system for applications such as lasers and ampli-
fiers. To simulate net amplification, the optical power generated
through a BAM waveguide is numerically calculated using both the
SBS gain of the simulations and typical linear and nonlinear losses
of the silicon waveguide. The pump and Stokes light power can be
expressed in small signal limits as"”’

AL e RE), @

Pszz) dP:liz) =—ao + (Gs(Qm) - 28 - yPy(2))Pp(2z), (3)

cation is defined as

where P,(z) and Ps(2) are the intensities of the pump and Stokes
signal at position z, respectively, and Gg(Q.,) are the SBS gain coef-
ficients at the resonant frequency. a, B, and y are the linear, two-
photon absorption (TPA), and TPA-induced free carrier absorp-
tion (FCA) coefficients, respectively. The linear loss coefficient is
inversely proportional to the fourth power of the optical waveguide
width (ap = A x b™* + B) as the loss due to the scattering effects on
the side walls decreases with increasing width of the waveguide.”
The constants A = 0.578 ym*/m and B = 19.86/m are chosen from
the experimental results in Ref. 20 (a9 = 7 dB/cm for b = 313 nm
and ap = 1 dB/cm for b = 950 nm). In addition, the TPA and FCA
coefficients depend on the bulk parameters of silicon and the effec-
tive mode area (A.g) of the fundamental optical mode as p = 5
x 1072/Agem™ W' and y = 5.65 x 1072 /AZm ™' W2

The small mode area of a silicon waveguide can induce not only
large SBS gain coefficients but also large nonlinear absorptions by
TPA and FCA,” resulting in shorter effective propagation length
and lower power handling of the system. Moreover, the FCA loss
becomes significant at high intensities as it is a fifth order nonlin-
ear effect. Figure 5 shows the net amplification through a 1-cm long
BAM waveguide for input pump powers of P,(0) = [0.01, 0.1, 0.3,

10 T T T T
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FIG. 5. Simulated net amplification per unit length through the BAM waveguide.
Net amplification per cm for pump powers of Py(0) = [0.01, 0.1, 0.3, 0.7] W for
waveguide widths with phononic dimension W = 20 um. Inset: Calculated effective
mode areas of BAM waveguides of the fundamental SBS mode for waveguide
widths b.
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0.7] W. The net amplification of a BAM waveguide with W = 20 ym
is numerically calculated using a mechanical Q-factor of 1000 of the
phononic system. At a width of approximately 500 nm, the SBS gain
coefficient in Fig. 4(a) attains a maximum value, although the net
amplification is low with high pump power. The effective mode area
of an electric field, as shown in the inset of Fig. 5, has the smallest
value at nearly 500 nm inducing high nonlinear losses, especially
FCA,” which is proportional to the square of the pump power.
Consequently, due to the less compact optical confinement in wider
waveguides and low nonlinear absorption, the net amplification for
a 2-ym-wide waveguide is higher than that in narrower waveguides.

DISCUSSION

In our main results about the excitation bandwidth, SBS gain
coefficients, and net amplification, phononic waveguide dimension
W is fixed at 20 ym. Because the change of W mainly affects the
integral domain of denominator of Eq. (1), large (small) phononic
dimension reduces (enhances) SBS gain coefficients, but it does not
change the trends of our main results. We discuss the SBS effects
only in the BAM waveguide geometry, but the SBS gain coefficient
calculations are based on the electrostriction and radiation pressure
effects,”” which participate in Brillouin scattering not only in the
BAM waveguide but also in other structures. Therefore, these results
can be applied in other structures.

Dimensional inhomogeneity and asymmetric structural shape
can lead to broadening the Brillouin resonance and reducing the Q-
factor and then decreasing the SBS gain.”’ The geometry with an
even membrane thickness of 170 nm as in Fig. 2(a) can induce high
mechanical Q-factors of the system due to its symmetric structure. In
Ref. 2, the geometry is similar to that in this study and the measured
Q-factor values are over 1800. The measured Q-factor values in
Ref. 4 are, however, smaller than those in Ref. 2 due to the geometry
and inhomogeneity caused by the fabrication imperfection. There-
fore, we believe that it is reasonable to use a Q-factor value of 1000 in
this study. Various geometries or dimensions including thickness,
wing size, and length will also induce varied resonant frequencies
and Q-factors. Further study about the relation between geometry
and Q-factor is required. The net amplification in Fig. 5 may vary
with reduced SBS gains by the fabrication imperfection or geometry,
but the fact that wide photonic waveguide widths are appropriate to
obtain high Brillouin net amplification will not change. This behav-
ior will be significant when the pump power is high in a resonator
such as the Brillouin laser.

In this paper, we study the SBS excitation bandwidth and net
amplification in the BAM waveguide structure. The excitation band-
width, the bandwidth of the acoustic harmonics, decreases inversely
proportionally to the cross-sectional area of the photonic waveguide
dimension. In addition, the electrostriction effects increase as the
waveguide dimension increases, but the radiation pressure effects
are maximized with about 400-nm photonic waveguide width and
decrease due to the confliction between the horizontal and verti-
cal radiation pressure components. By combining these two effects,
the SBS gain coefficients will have the maximum value with about
500-nm waveguide width. The net amplification, however, shows
different trends due to the nonlinear losses in silicon. As the non-
linear losses depend on the intensity (optical power divided by the
mode area), a large waveguide dimension is recommended in order
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to achieve high amplification in high optical power. This behavior
will be a significant factor in designing an on-chip Brillouin amplifier
and Brillouin laser.
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