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Interaction between light and highly conﬁned
hypersound in a silicon photonic nanowire
Raphaël Van Laer1,2*, Bart Kuyken1,2, Dries Van Thourhout1,2 and Roel Baets1,2
In the past decade there has been a surge in research at the boundary between photonics and phononics. Most efforts
have centred on coupling light to motion in a high-quality optical cavity, typically geared towards manipulating the
quantum state of a mechanical oscillator. It was recently predicted that the strength of the light–sound interaction would
increase drastically in nanoscale silicon photonic wires. Here we demonstrate, for the ﬁrst time, such a giant overlap
between near-infrared light and gigahertz sound co-localized in a small-core silicon wire. The wire is supported by a tiny
pillar to block the path for external phonon leakage, trapping 10 GHz phonons in an area of less than 0.1 μm2. Because our
geometry can also be studied in microcavities, it paves the way for complete fusion between the ﬁelds of cavity
optomechanics and Brillouin scattering. The results bode well for the realization of optically driven lasers/sasers, isolators
and comb generators on a densely integrated silicon chip.

T

he diffraction of light by sound was ﬁrst studied by
Léon Brillouin in the early 1920s, and such inelastic scattering
has long therefore been called ‘Brillouin scattering’1. The effect
is known as stimulated Brillouin scattering (SBS) when the sound is
generated by a strong intensity-modulated light ﬁeld. This sets the
stage for a feedback loop in which (1) the beat note between two
optical waves (called the ‘pump’ and the ‘Stokes seed’) generates
sound, and (2) this sound writes a travelling index grating that scatters light. On the quantum level, the process annihilates pump
photons while creating acoustic phonons and Doppler redshifted
Stokes photons.
In a seminal experimental study2, Brillouin scattering was viewed
as a source of intense coherent sound. Later, the effect became better
known as a noise source in quantum optics3 and for applications
such as phononic band mapping4,5, slow and stored light6,7,
spectrally pure lasing8–10 and microwave signal processing11,12.
Traditionally1–4,6–19, the photon–phonon interaction was
mediated by material nonlinearity. Electrostriction drove phonon
creation, and phonon-induced permittivity changes scattered
photons. This conventional image of SBS as a bulk effect, without
reference to geometry, breaks down in nanoscale waveguides. In
such waveguides, boundary effects can no longer be neglected20.
Thus, both electrostrictive forces and radiation pressure create
acoustic waves. The former generate density variations and the
latter transfers momentum to the waveguide boundaries.
Equivalently, the new theory20 takes into account not only bulk permittivity changes but also the shifting material boundaries. The
impressive progress in engineering radiation pressure in microand nanoscale systems21–28 recently inspired the prediction of enormously enhanced SBS20,29–31 in silicon nanowires. The strong optical
conﬁnement offered by these wires boosts both bulk and boundary
forces. However, destructive interference between the two contributions may still completely cancel the photon–phonon coupling.
The giant light–sound overlap arises particularly when both types
of optical force align with the acoustic ﬁeld20,30.
Unfortunately, typical silicon-on-insulator (SOI) wires provide
only weak acoustic conﬁnement because there is little elastic mismatch between the silicon core and the silicon dioxide substrate.

The large SBS strength was thus thought to be accessible only in
silicon waveguides that are fully suspended in air20,29–32. This
requirement severely compromises the ability to make centimetrescale interaction lengths, which are essential to reduce the required
pump power. Hence, Brillouin scattering has remained elusive in
silicon photonic nanowires.

Results
Here, we take the middle ground between these conﬂicting
demands. By partially releasing a silicon wire from its substrate
we drastically improve acoustic conﬁnement (Fig. 1a–c). There is
still some leakage through the pillar, but it is sufﬁciently limited
to tap the large overlap between the optical forces and the hypersonic mode (Fig. 1d). Moreover, in this way it is straightforward to
increase the interaction length. Building on this compromise, we
demonstrate an order-of-magnitude performance leap in the
light–sound coupling strength.
The observed mechanical mode strongly interacts with the
fundamental quasi-transverse electric (TE) optical mode (Fig. 1e).
The main contribution to the coupling stems from the good
overlap between the horizontal optical forces and the horizontal
displacement proﬁle. In particular, the bulk electrostrictive forces
fes and the boundary radiation pressure frp both point in the same
direction as the acoustic ﬁeld u (Fig. 1d), so they interfere constructively, leading to a total overlap 〈f, u〉 = 〈f es , u〉 + 〈f rp , u〉 that is up
to twice as large as each individual component. Because the SBS
gain GSBS(Ωm) at the phonon resonance frequency Ωm scales as
|〈f, u〉|2 , the total scattering from pump to Stokes photons may be
up to four times as efﬁcient as by electrostriction or radiation
pressure individually.
Such force interference20,30 was previously studied in hybrid
silicon nitride/silicon waveguides32. In that case, the light was conﬁned to the silicon core but the sound to the silicon nitride membrane. In the present work, both light and sound are compressed
to the same silicon core. The elastic mode (Fig. 1d) can be understood as the fundamental mode of a Fabry–Pérot cavity for hypersonic waves (Fig. 1b) formed by the silicon/air boundaries. Its
frequency can therefore be estimated as Ωm/2π = v/2w = 9.4 GHz,
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Figure 1 | A silicon wire on a pillar as an acoustic phonon cavity. a, Top view of the silicon wire. Light propagates along the wire. It conﬁnes photons
because of its high optical contrast with the silicon dioxide substrate and the air. b, Unlike the photons, the phonons are trapped transversally. The leakage of
phonons through the pillar determines their lifetime (τ ≈ 5 ns). c, Scanning electron micrograph of the 450 × 230 nm cross-section. Before ion milling, platina
(Pt) is deposited on the wire for better visualization (see Methods). Pillars as narrow as 15 nm were fabricated reliably. d, The horizontal component of the
observed hypersonic mode u (red, −; blue, +) aligns with the bulk electrostrictive forces (black arrows) and the boundary radiation pressure (grey arrows).
e, Electric ﬁeld norm of the quasi-TE optical mode.

where v = 8,433 m s−1 is the longitudinal speed of sound in silicon
and w = 450 nm is the waveguide width.
To create the pillar structure we began with an SOI wire fabricated by deep-ultraviolet lithography33 using the silicon photonics
platform ePIXfab (www.ePIXfab.eu). We next performed an
additional oxide etch with hydroﬂuoric acid. By carefully controlling the etching speed, a narrow pillar was left under the wire
(Fig. 1a–c). With this simple fabrication method we obtained
wires up to 4 cm in length. To retain compactness, wires longer
than 3 mm were coiled into a low-footprint spiral (Supplementary
Fig. 2). Despite the additional etch, the wires still exhibited optical
propagation losses α of only 2.6 dB cm−1.
In the experiments (Fig. 2) we investigated straight and spiral
waveguides with lengths L ranging from 1.4 mm to 4 cm. We
coupled 1,550 nm TE light into the waveguides through focusing
grating couplers34 and performed both gain (Fig. 2a,b) and crossphase modulation (Fig. 2c,d) experiments. The resonances
(Fig. 2a,c) observed in these experiments thus allowed characterization of the photon–phonon coupling in two independent ways.
We ﬁrst monitored the power in a Stokes seed as a function
of frequency spacing Ω/2π with a strong co-propagating
pump wave (Fig. 2a,b). We observed a Lorentzian gain proﬁle at
Ωm/2π = 9.2 GHz, as expected in the low-cascading regime (see
Supplementary Information). Similarly, we observed an identical
depletion proﬁle on an anti-Stokes seed (Fig. 2a). The Stokes seed
experiences ampliﬁcation as long as the pump remains undepleted.
Exactly on resonance, the on/off gain is given by 2γSBSPpLeff , where
2γSBS = GSBS(Ωm) is the Brillouin gain coefﬁcient, Pp is the input
pump power and Leff = (1 – exp(−αL))/α is the effective interaction
length. The effective length has an upper limit of 1/α = 1.7 cm in
our wires. To extract the Brillouin parameter γSBS we swept the
pump power in a 2.7-mm-long wire (Fig. 3a). Above 25 mW
on-chip power, nonlinear absorption saturates the on/off gain.
Free carriers, created by two-photon absorption (TPA), then
result in a power-dependent optical loss α(Pp). We extracted
2γSBS = 3,218 W−1m−1 below this threshold. The Lorentzian ﬁt
yielded an acoustic linewidth of Γm/2π = 30 MHz and thus
a quality factor of Qm = Ωm/Γm = 306 and a phonon lifetime of
τ = 1/Γm = 5.3 ns in the same short wire. The largest on/off gain of
0.6 dB below the TPA threshold falls narrowly short of the linear
loss αL = 0.7 dB (Fig. 3a). The wire is therefore close to net optical
ampliﬁcation, which is necessary for lasing. The on/off gain
200

reached 175% in the 4-cm-long wires (Fig. 2a), an improvement
of a factor of 19 on previous results in silicon32.
Similarly, we observed backward SBS (see Supplementary
Information) for counter-propagating pump and Stokes waves,
which generate elastic waves with a large wavevector K ≈ 2k0
(where k0 is the pump wavevector). However, we achieved the
giant light–sound overlap only for forward SBS, for co-propagating
pump and Stokes waves that generate low-group-velocity acoustic
phonons with small wavevector K ≈ Ω/vg (where vg is the optical
group velocity). Therefore, we focus on forward SBS here.
We next measured the strength of the cross-phase modulation
(XPM) imprinted on a weak probe by a strong intensity-modulated
pump (Fig. 2c,d). The experiment yielded a distinct asymmetric
Fano signature at Ωm/2π = 9.2 GHz caused by interference
between the resonant Brillouin and the non-resonant Kerr response
(see Supplementary Information). The lineshape follows
|(γXPM(Ω))/(2γK)|2, where γK is the Kerr parameter, and
γXPM (Ω) = 2γK + γSBS L(Ω)
L(Ω) =

1
−2Δr + i

Δr =

Ω − Ωm
Γm

We deduced the ratio γSBS/γK to be 2.5 and Qm = 249 from the
ﬁt. The Kerr parameter γK of similar silicon wires has
been studied extensively, with values reported at γK = 566 W−1m−1
for our cross-section35. Because of the pillar etch, the light is
more conﬁned to the high-index silicon core. In simulations we
found that this yields a slight increase in the Kerr effect (by 8%)
to γK = 611 W−1m−1. Thus, we have 2γSBS = 3,055 W−1m−1, within
5% of the value obtained from the gain experiments. This nonlinearity is roughly a factor of 103 stronger than in photonic crystal and
highly nonlinear ﬁbres15,36,37.
Furthermore, the resonance frequency, quality factor and interaction strength are in good agreement with the models. To study
the frequency we performed the XPM experiment for waveguide
widths from 350 nm to 500 nm (Fig. 3b). Both a simple Fabry–
Pérot (Ωm/2π = v/2w) and a sophisticated ﬁnite-element model
match the observed resonances. The ﬁnite-element model takes
into account the exact geometry of the wires (obtained from scanning electron microscopy; Fig. 1c). This includes the waveguide
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Figure 2 | Experimental characterization of photon–phonon coupling. a, Typical Lorentzian gain proﬁle on a Stokes seed. Inset: depletion proﬁle on an
anti-Stokes seed. In both cases, the interaction generates acoustic phonons and redshifted photons (energy diagram). Such resonances are observed in wires
as short as 2.7 mm (see Supplementary Information) with a highest on/off gain of 175% (4.4 dB) in the 4 cm spiral (Leff = 1.5 cm) with 35 mW on-chip
pump power. There is a remnant of a second resonance at 9.15 GHz (see Supplementary Information). The normalized Stokes power is ﬁt to the exponential
of a Lorentzian function (Supplementary equation (6)). b, Fibre-based set-up used to study forward SBS. A tunable laser is ampliﬁed in the upper arm by an
erbium-doped ﬁbre ampliﬁer (EDFA) to serve as a pump. In the lower arm, the laser light is intensity modulated (IM) to generate a blue- and redshifted
sideband. Next, a ﬁbre Bragg grating (FBG) rejects all but the Stokes seed (see Methods). The pump and Stokes seed are coupled to the chip through curved
grating couplers. Finally, the power in the pump and Stokes wave is monitored separately. Light traps (LTs) prevent backscattered light from entering the
circuit. With minor modiﬁcations this set-up can be reconﬁgured to observe the loss on an anti-Stokes seed or the backward SBS. The latter is weak in our
wires (see Supplementary Information) so we focused on forward SBS. c, A typical Fano signature obtained from the XPM experiment, which is used to
calibrate the Brillouin with respect to the Kerr nonlinearity (γSBS/γK = 2.5). d, A pump is intensity-modulated, ampliﬁed, combined with a probe wave and sent
to the chip. The pump is removed at the output by a bandpass ﬁlter (BPF). The phase modulation on the probe wave is transducted to intensity modulation
by ﬁltering out the redshifted sideband. Finally, an electrical spectrum analyser (ESA) is used to observe the beat between the probe and the imprinted
blue sideband.

Experiment
0.9

Fit

Saturation

αL
0.6
0.3

Leff = 2.5 mm
20

40

60

On-chip pump power Pp (mW)

b
Frequency (GHz)

On/off gain (dB)

a

Experiment
Finite-element
Fabry–Pérot

11
10
9
8
350

400

450

500

Waveguide width (nm)

Figure 3 | Analysis of Brillouin gain and phononic resonance frequency.
a, Scaling of the on/off Brillouin gain with input pump power. Above a
power threshold of 25 mW, the on/off gain saturates because of nonlinear
absorption. A ﬁt is performed to obtain the Brillouin nonlinearity below that
threshold. b, Phononic resonance frequency for different waveguide widths.
Error bars indicate an estimate of the uncertainty on the waveguide width.
The uncertainty on the resonance frequency (y axis) is smaller than the size
of the points. Both a simple Fabry–Pérot and rigorous ﬁnite-element model
agree with the data.

height, pillar size, sidewall angle and the 〈110〉 crystal orientation of
our wires (see Methods). We found that the waveguide width alone
pins down the resonance frequency, with other geometrical parameters inducing only minor shifts. For a 450-nm-wide waveguide,
the frequency sensitivity to width changes is 19.2 MHz nm−1
(Fig. 3b). In contrast, the calculated sensitivity to height changes
is only 2.3 MHz nm−1. This supports the intuitive Fabry–Pérot
view, in which the height does not appear at all.
The large sensitivity to waveguide width implies that a 2 nm
width ﬂuctuation shifts the resonance by more than a linewidth.
Accordingly, inhomogeneous broadening may affect both the lineshape and linewidth, similar to Doppler broadening in gain
media. Surprisingly, we achieve acoustic quality factors above 250,
even in the 4-cm-long wires (Fig. 4a). This suggests that there is,
if at all, only limited length-dependent line broadening (see
Supplementary Information). This large sensitivity can be exploited
to tailor the resonance frequency.
By sweeping the pillar size in a short 450-nm-wide waveguide we
established leakage through the pillar as the dominant phononic loss
mechanism (Fig. 4b). The pillar acts as a channel for elastic waves
that propagate down into the substrate. We rigorously modelled
this mechanism by adding an artiﬁcial absorbing layer at the
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Figure 4 | Study of the mechanical quality factor and intrinsic photon–phonon overlap. a, The quality factor stays above 250 even in 4-cm-long spirals,
showing no length-dependent line broadening. There is also peak splitting in the 1 cm spiral (see Supplementary Information). Neither the longer spirals
nor the straight wires exhibit such splitting. b, A ﬁnite-element model of phonon leakage through the pillar accurately predicts the observed quality factors
(L = 2.7 mm). c, The non-resonant nonlinearity (2γSBS/Qm) is a measure of intrinsic photon–phonon coupling. The electrostriction (black) and radiation
pressure (green) interfere constructively, bringing about total overlap (red). As the width increases, the boundary contribution vanishes rapidly. The error
bars are estimates of the uncertainty on the width (horizontal) and coupling (vertical).

boundary of the simulation domain (see Methods). As predicted
by such a model, the observed quality factors diminish rapidly
with increasing pillar size. The pillar should be seen as a moving
acoustic membrane38, not as a ﬁxed point. It therefore affects
neither the acoustic ﬁeld proﬁle nor its associated stiffness keff to
any great extent. We regard a short phonon lifetime as the
prime reason why SBS has not been observed so far in typical
SOI nanowires.
Finally, we show that the photon–phonon coupling is a constructive combination of bulk (electrostriction) and boundary
(radiation pressure) effects (Fig. 4c). The resonant Brillouin gain
coefﬁcient is given by GSBS (Ωm ) = 2γSBS = ω0 Qm |〈f, u〉|2 /(2keff )
(see Supplementary Information), so the non-resonant part
2γSBS/Qm is a direct measure of the photon–phonon overlap20,30.
In our ﬁnite-element simulations of 〈f, u〉 and keff , we take into
account the mechanical anisotropy of silicon but not the pillar.
We also approximate the cross-section as rectangular, neglecting
the small sidewall angle. Even so, the simulations match the
experimentally determined coupling strength. Neither electrostriction nor radiation pressure separately explain the experimental
values of 2γSBS/Qm ≈ 12 W−1m−1. These values are a factor of
10 larger than in on-chip chalcogenide19 and silicon nitride/silicon
waveguides32, showing the beneﬁt of compressing light and sound to
the same nanoscale core.

Discussion
Our observations provide robust evidence for incredibly strong
photon–phonon coupling in silicon nanowires. The simulations of
the interaction strength match the experiments, indicating that the
new nanoscale SBS theory20 is on the right track. Moreover,
simple ﬁnite-element models accurately capture both the phononic
resonance frequency and lifetime.
Building on the good light–sound overlap, some typical SBS
applications are now squarely in reach. For lasing, the gain must
exceed the loss over an optical cavity roundtrip. Currently, we
achieve 0.6 dB on/off gain in a wire with 0.7 dB propagation loss
(Fig. 3a). We note that lasing—as opposed to sasing—also requires
a resonator that is less optically than acoustically damped10,39–41.
Another example is the microwave ﬁlter12, as such ﬁlters can be
driven by even sub-1 dB gain42.
For other devices, such as isolators16,43 and slow light7, the performance in terms of optical losses and SBS strength must be
improved more substantially. Optical losses below 1 dB cm−1 have
already been demonstrated in comparable silicon wires, by
moving from a 200 mm to a 300 mm wafer CMOS pilot line with
more advanced lithography tools44. Signiﬁcant net gain should be
202

accessible in such low-loss wires, in which effective interaction
lengths up to Leff = 5 cm may be obtained.
Furthermore, free-carrier absorption saturates the SBS gain above
a pump power of 25 mW (Fig. 3a). This means that the SBS gain has
to be improved by other means, and either the phonon lifetime τ or
the photon–phonon overlap 〈f, u〉 should be enhanced. Currently
limited by the phonon leakage, the lifetime could be increased—at
the cost of smaller bandwidth—by exciting asymmetric elastic
modes45. It has been predicted that such modes can be generated
efﬁciently by cross-coupling between the quasi-TE and quasitransverse magnetic (TM) optical modes30. Alternatively, the
overlap 〈f, u〉 may be increased by trapping light in a narrow
horizontal air slot between two specially designed silicon wires31.
Such ideas may further boost the Brillouin nonlinearity to a level
sufﬁcient for milliwatt-threshold lasing39,40, frequency comb generation15,46 and fully non-resonant optomechanics47.
In fact, each application comes with a speciﬁc ﬁgure of merit. For
comb generation with a dual pump15, the forward SBS gain is critical.
It is then equivalent to increase the lifetime τ or the overlap 〈f, u〉. In
other cases, such as for slow light7, the bandwidth is equally important.
Furthermore, it is often desirable to have the acoustic resonance in the
gigahertz range12, which implicitly sets the stiffness keff given a certain
mass. Even so, a large light–sound overlap 〈f, u〉—clearly manifested
in this work—is greatly beneﬁcial in all cases.
In conclusion, we have demonstrated efﬁcient interaction
between near-infrared light and gigahertz sound trapped in a
small-core silicon photonic wire. The structure exhibits an extraordinary light–sound overlap, at the same time allowing for a centimetre-scale Brillouin-active interaction length. The combination of
both opens the door to practical Brillouin devices integrated on a
CMOS-compatible silicon chip.

Methods
Device fabrication and characterization. The SOI wires were fabricated by 193 nm
deep-ultraviolet lithography on a 200 mm wafer CMOS pilot line at imec. The
wires were underetched with 2% diluted hydroﬂuoric acid at an etching rate of
10 nm min−1. Platina (Pt) was deposited on the wire and the cross-section (Fig. 1c)
was milled by a focused ion beam. Platina deposition ensured a straight cross-section
and prevented charging effects when the cross-section was viewed by a scanning
electron beam. The straight wires had lengths of 1.4 and 2.7 mm, and the spirals
were 1, 2 and 4 cm long (Supplementary Fig. 2). The 1, 2 and 4 cm spirals
had footprints of 275 µm × 100 µm, 775 µm × 90 µm and 1,570 µm × 90 µm,
respectively. Adjacent wires were spaced by 1.55 µm inside the spiral. We found a
propagation loss α of 2.6 dB cm−1 and a coupling loss of 6 dB per grating coupler
by the cut-back method.
Experimental set-up. The following abbreviations are used (Fig. 2): erbium-doped
ﬁbre ampliﬁer, EDFA; band-pass ﬁlter, BPF; ﬁbre polarization controller, FPC;
intensity modulator, IM; electrical spectrum analyser, ESA; light trap, LT; ﬁbre Bragg
NATURE PHOTONICS | VOL 9 | MARCH 2015 | www.nature.com/naturephotonics
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grating, FBG; photodetector, PD. The FBGs were a crucial part of the set-up.
Produced by TeraXion, these ﬁlters were custom-designed to have a ﬂat response
within the passband and to drop to –30 dB within 2.5 GHz. The steep ﬂanks were
used to ﬁlter out either the red- or blueshifted sidebands (bandwidth, 60 GHz).
In addition, a pair of perfectly aligned FBGs were used for the gain
experiment (Fig. 2b).
Finite-element modelling. We obtained the photonic and phononic modes from
the ﬁnite-element solver COMSOL. These were exported to MATLAB to calculate
the photon–phonon coupling20,30. Because the wires were aligned along a 〈110〉
axis, both the elasticity (c11 ,c12 ,c44) = (166,64,79) GPa and photoelasticity
( p11 ,p12 ,p44) = (–0.09,0.017,–0.051) matrices were rotated by π/4. To simulate the
clamping loss, an artiﬁcial silica matching layer with Young’s modulus i/ζE and
density –iζρ was added. The layer absorbed incoming elastic waves without
reﬂection. In a frequency-domain simulation, we then found the quality factor
from Qm = (ℜΩm ) / (2ℑΩm ). ζ was optimized for minimal Qm. A typical value was
ζ = 2 for a 420-nm-thick matching layer.
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with pNL
the complex amplitude at frequency ωn of
n
the nonlinear polarization
P NL (z, t) = 0 χNL (z, t)E(z, t)

with E(z, t) = 12 n an (z) exp (i(ωn t − kn z)) + c.c. the
electric field. Here we assumed that the cascading is limited to tens of higher-order sidebands, such that ωn ≈ ω0
and that all components experience the same effective
mode index neff . Further, the nonlinear susceptibility is
given by
χNL (z, t) = 2neff ∆neff (z, t)
in case the index changes ∆neff (z, t) are small. These
index changes are composed of an instantaneous Kerr
component and a delayed Brillouin component:
∆neff (z, t) = ∆neff,Kerr (z, t) + ∆neff,Brillouin (z, t)

n̄2
∂neff 
=
P (z, t) +
q(z, t)
Aeff
∂q 
qavg

I.

MODEL OF THE GAIN EXPERIMENTS

In this section we derive a model that captures the
essential dynamics of forward stimulated Brillouin scattering in the presence of a background Kerr effect. Our
analysis is very similar to earlier discussions of forward
SBSS1,S2 and Raman scatteringS3 . Specifically, we describe under which circumstances forward SBS can still
be seen as a pure gain process. Thus the model includes
• cascading into higher-order Stokes and anti-Stokes
waves,
• four-wave mixing contributions from both the Brillouin and the Kerr effect and
• the effect of these contributions on the SBS gain.
We assume that the electromagnetic field is composed of
discrete lines, with an (z) the complex amplitude of component n with angular frequency ωn = ω0 + nΩ at position z along the guide. By definition, ω0 is the frequency
of the pump. In the presence of weak nonlinear coupling
between the waves, the evolution of the slowly-varying
amplitudes isS3
ω0
dan
= −i
pNL
dz
2cneff 0 n

∗

raphael.vanlaer@intec.ugent.be

with n̄2 the nonlinear Kerr index averaged over the
waveguide cross-section, Aeff the effective mode area,
P (z, t) the total optical power and q a coordinate describing the mechanical motion. There is a small shift
in the average value of q due to the constant component
of the power P (z, t). However, we can always redefine q
eff
such that qavg ≡ 0. In addition, ∂n
∂q is the sensitivity
of the effective index with respect to motion. This factor contains contributions from both the moving boundary (radiation pressure) and the bulk (electrostriction).
It should be calculated at fixed optical frequency, since
this frequency is externally applied. We characterize the
mechanical mode as a harmonic oscillator in each crosssection z:
q̈(z, t) + Γm q̇(z, t) + Ω2m q(z, t) =

F (z, t)
meff

keff
with Γ2πm the Brillouin linewidth, Ω2m = m
the angular
eff
frequency, meff the effective mass of the mechanical mode
per unit length and F (z, t) the total force acting on that
mode per unit length. Since this equation does not explicitly depend on z, q(z, t) directly inherits its positiondependency from F (z, t). Note that any propagation of
phonons along the waveguide is neglected in this step.
Each cross-section oscillates independently, reminiscent
of the molecular vibration in Raman scatteringS1,S3 . This
assumption is justified by the very low group velocity of
the acoustic phonons. From phase-matching, the acoustic wavevector along the z-axis is K = k0 − k−1 = vΩg .

1
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2
Ω
equals the
Therefore, the acoustic phase velocity va = K
optical group velocity vg . At the same time, we must have
va va,g = c2a with va,g the acoustic group velocity and ca
the bulk acoustic velocity. Here we treat the silicon wire
acoustically as a slab waveguide close to cut-off. This
yields a low acoustic group velocity of va,g ≈ 1 m/s for
our silicon wires, which is confirmed by the finite-element
model. Therefore we treat the acoustic wave as a localized oscillator, following the success of this description in
other systemsS1,S2 .
From power-conservationS4 , the optical force F (z, t)
eff
per unit length can be related to ∂n
∂q as

F (z, t) =

1 ∂neff
c ∂q

P (z, t)
qavg

The power P (z, t) = 2E 2 (z, t) contains frequencies
nΩ ∀n up to the total number of lines. However, we assume that only the component at Ω excites the mechanical motion. So we take F (z, t) = 12 fΩ exp (i(Ωt − Kz)) +
P
?
eff
c.c. with fΩ = 1c ∂n
n an an−1 .
∂q pΩ and pΩ = 2
We normalized the amplitudes an such that the power
of wave ωn is |an |2 . Close to resonance (Ω ≈ Ωm ),
the steady-state response of the harmonic oscillator is
Ω
L(Ω) with the Lorentzian function L(Ω) =
qΩ = Qm kfeff
1
m
and the qual,
the
relative
detuning ∆r = Ω−Ω
−2∆r +i
Γm
Ωm
ity factor Qm = Γm . Therefore, we can write the nonlinear index change in terms of the nonlinear Kerr and
Brillouin parameters γK and γSBS :
∆nΩ = ∆nΩ,Kerr + ∆nΩ,Brillouin
γK
γSBS
=
pΩ +
pΩ L(Ω)
k0
k0
pΩ
=
γ(Ω)
k0
where we defined the total nonlinearity parameter
2
γ(Ω) = γK + γSBS L(Ω), using γK ≡ k0 An̄eff
and γSBS ≡
2

1 ∂neff
m
. We note that this formula for the Brilω0 Q
keff
c ∂q
louin nonlinearity is identical to the rigorousS5,S6 γSBS =
|hf ,ui|
eff
ω0 Qm |hf , ui|2 /(4keff ) if we identify 1c | ∂n
∂q | ≡
2 .
Hence the evolution of the amplitudes is
dan
k0
= −i (∆nΩ an−1 + ∆n?Ω an+1 )
dz
2
pΩ
2γ(Ω) X
∆nΩ =
γ(Ω) =
an a?n−1
k0
k0
n

(S1)

These equations can be solved analytically since ∆nΩ
turns out to be a constant of motion. Indeed, derivation

yields

X  da?n−1
d∆nΩ
dan ?
∝
an
+
a
dz
dz
dz n−1
n
X

∝
∆nΩ |an |2 − |an−1 |2
n

+ ∆n?Ω an a?n−2 − an+1 a?n−1



=0
Consequently, equation (S1) can be solved either directly
by using properties of the Bessel functions or indirectly
by noting that ∆nΩ (z) = ∆nΩ (0) such that the nonlinear interaction is equivalent to spatiotemporal phasemodulation. Specifically,
E(z, t) =
=

1X
an (z) exp (i(ωn t − kn z)) + c.c.
2 n
1
exp (−ik0 z∆neff (z, t))×
2
X
an (0) exp (i(ωn t − kn z)) + c.c.
n

(S2)
Moreover, we have
∆neff (z, t) = |∆nΩ (0)| sin (Ωt − Kz + ϕ0 )
=

(S3)

2|γ(Ω)| X
an (0)a?n−1 (0) sin (Ωt − Kz + ϕ0 )
k0
n


with ϕ0 = ∠ ∆nΩ (0) exp (i π2 ) . As previously noted in
the context of photonic crystal fibresS1 , this is equivalent to phase-modulation with a depth ξ determined by
the strength of the input fields, the interaction length
and the nonlinear parameter |γ(Ω)|. The amplitudes of
the individual components
P can finally be found by inserting exp (iξ sin Φ) = n Jn (ξ) exp (inΦ) with Jn the
nth-order Bessel function of the first kind. To arrive
at this phase-modulation picture, we assumed that all
index changes originate from the beating at frequency
Ω. This is correct for the mechanical effect since it is
weak off resonance. However, the Kerr response is nonresonant at telecom wavelengths. Thus its strength is the
same at ω0 + nΩ for all n. We include the nΩ (n 6= 1)
Kerr-mediated coupling in the next paragraph, keeping
in mind that equations (S2)-(S3) are only entirely correct
when γK = 0.
To see how the modulation picture (S2)-(S3) relates
to the traditional view of SBS as a pure gain process,
we simplify equation (S1) to the case of an undepleted
pump, a Stokes and an anti-Stokes signal. Neglecting
higher-order cascading, this yields

das
= −iγ ? (Ω) |ap |2 as + a2p a?a
dz

daa
= −iγ(Ω) |ap |2 aa + a2p a?s
dz

© 2015 Macmillan Publishers Limited. All rights reserved

(S4)

3
In case aa (0) = 0, the initial evolution of the Stokes power
is
dPs
= −2={γ(Ω)}Pp Ps
dz
γSBS
Since ={γ(Ω)} = − 4∆
2 +1 , we recover a Lorentzian Brilr
louin gain profile in this approximation:

dPs
= GSBS (Ω)Pp Ps
dz
2γSBS
GSBS (Ω) =
4∆2r + 1

(S5)

Similarly, the anti-Stokes experiences a Lorentzian loss
profile if as (0) = 0. Thus the Kerr effect has no impact
on the initial evolution of the Stokes wave. Therefore,
forward SBS is a pure gain process as long as the antiStokes build-up is negligible. By numerically integrating
equations (S4), including linear losses, we confirm that
this is the case in our experiments. The nΩ (n 6= 1)
Kerr-mediated coupling does not change this conclusion.
We can see this as follows. In the Lorentz-model for
the permittivity, the Kerr response can be treated as a
second-order nonlinear springS3
ẍ + Γe ẋ + Ω2e (x)x = −

e
E
me

with x the displacement of the electron cloud, me the
2
e (x)
and ke (x) = ke (0) + ∂∂xk2e x2
electron mass, Ω2e (x) = km
e
the nonlinear spring constant. Since ωn  Ωe , the oscillator responds instantaneously to the Lorentz-force −eE:
Ω2e (x)x

as (z) = as (0) − J1 (ξ) ap (0) exp (−i(ϕ0 + π))
p
with ξ = 2|γ(Ω)| Ps (0)Pp z the unitless cascading parameter. The power of the Stokes wave then becomes
Ps (z) = Ps (0) (1 − 2={γ(Ω)}Pp z) +

ξ2
Pp
4

Here we approximated the Bessel function as J1 (ξ) ≈ 2ξ ,
which is valid in the low-ξ regime. The last term, containing ξ 2 , gives rise to a Fano resonance but is smaller
than the other terms in this regime. Taking the derivative and letting z → 0, we indeed recover the gain equation (S5). In our experiments we reach values of ξ ≈ 0.4
in the longest waveguides and at maximum pump power.
To conclude, we can safely neglect higher-order cascading
and treat forward SBS as a pure gain process driven exclusively by the Brillouin nonlinearity. In the presence of
linear optical losses, the modified evolution of the Stokes
wave is
dPs
= (GSBS (Ω)Pp exp (−αz) − α) Ps
dz
2γSBS
GSBS (Ω) =
4∆2r + 1

e
=−
E
me

Thus the linear solution is xL (z, t) = k−e
E(z, t). In the
e (0)
first Born approximation, the nonlinear displacement is

xNL = −

not alter the conclusion that these equations yield Brillouin gain when aa (0) = 0. However, such added terms
do invalidate the phase-modulation solution (S2)-(S3).
Back to that solution (S2)-(S3), at first sight we expect a Fano-like resonance for the Stokes power because
the modulation depth depends on |γ(Ω)| and not on
={γ(Ω)}. However, the input phase ϕ0 also contains
phase information on γ(Ω). We analytically check that
the phase-modulation picture is equivalent to a pure gain
process in the low-gain regime. Combining equations
(S2) and (S3) with only an initial pump and Stokes wave,
we find

with α the linear optical loss and Pp the input pump
power. The analytical solution of this equation is

1 ∂ 2 ke 3
x
ke (0) ∂x2 L

Ps (L) =Ps (0) exp (GSBS (Ω)Pp Leff − αL)

And the nonlinear polarization is P NL = 0 χNL E =
−N exNL with N the atomic number density. This implies that the nonlinear polarization is proportional to
E 3 (z, t). Unlike in the Brillouin case, the Lorentz oscillator does not filter out 0Ω, 2Ω, 3Ω, etc. terms. Selecting
the right components of P NL , we find that equations (S4)
are modified to

das
= −iγ ? (Ω) |ap |2 as + a2p a?a − iγK |ap |2 as
dz

daa
= −iγ(Ω) |ap |2 aa + a2p a?s − iγK |ap |2 aa
dz
for a strong, undepleted pump. The added terms on the
right generate a constant phase shift and do, therefore,

(S6)

with Leff = 1−expα(−αL) the effective interaction length.
In the case of nonlinear losses α(Pp ) the equations can
be integrated numerically.

II.

THE BRILLOUIN GAIN COEFFICIENT

The Brillouin gain coefficient GSBS (Ωm ) = 2γSBS at
the mechanical resonance (Ω = Ωm ) is given by

2
Qm 1 ∂neff
GSBS (Ωm ) = 2ω0
keff c ∂q
Qm
= ω0
|hf , ui|2
2keff
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4
with ω0 the optical angular frequency [Hz], Qm the mechanical quality factor [-], keff the effective stiffness per
eff
unit length [N/m2 ], c the speed of light [m/s], ∂n
∂q the
derivative of the optical mode index with respect to mechanical motion [1/m], f = frp +fes the power-normalized
R
force density [N/(m3 W)] and hf , ui = f ? · u dA the
overlap integral between the optical forces and the mechanical mode u [-]. Note that we chose the mechanical
mode profile u to be dimensionless, so the mechanical
coordinate q is expressed in [m]. Therefore the overeff
lap integral hf , ui has dimension [s/m2 ], as does 1c ∂n
∂q .
2
The effective stiffness is defined as keff ≡ Ωm meff , where
meff ≡ hu, ρui is the effective mass per unit length [kg/m]
with ρ the mass density. Typically, the elastic mode profile u is normalized such that max(|u|) = 1. Then we
have meff ≈ m (and meff ≤ m) with m the true mass of
the waveguide per unit length. With these definitions,
the gain coefficient indeed has dimensions [W−1 m−1 ]:
Qm
][hf , ui]2
keff
1 m2 s2
=
s N m4
s
=
Nm2
1
=
Wm

[GSBS (Ωm )] = [ω0 ][

Furthermore, the Brillouin gain (S7) is identical to formulas presented in earlier theoretical workS5,S6 . Specifically,
the gain coefficient (formula (10) of Qiu (2013)S6 ) is
GSBS (Ωm ) =

2ω0 Qm
|hf̃ , ui|2
Ω2m vgp vgs hEp , Ep ihEs , Es ihu, ρui

with vgp and vgs the pump and Stokes optical group velocity, Ep and Es the pump and Stokes electric field distribution,  the dielectric permittivity and f̃ the force
distribution. The total power in a guided wave is P =
vg
2 hE, Ei, so we get
GSBS (Ωm ) =

ω0 Qm |hf̃ , ui|2
2Ω2m Pp Ps meff

where we used meff = hu, ρui. Defining the powernormalized force distribution f as f ≡ √ f̃ , we arrive
Pp Ps

at formula (S7):
GSBS (Ωm ) = ω0

Qm
|hf , ui|2
2keff

limit of transverse waveguide dimensions much larger
than the free-space wavelengthS5,S6 . It predicts strongly
enhanced photon-phonon coupling in sub-wavelength
waveguides – as in our silicon nanowires.

III.

MODEL OF THE XPM EXPERIMENTS

In the cross-phase modulation (XPM) experiments, we
study the phase modulation imprinted on a probe wave
by a strong intensity-modulated pump. The pump and
its sidebands are located at frequencies ω0 , ω1 = ω0 +
Ω and ω−1 = ω0 − Ω. The probe has frequency ωpr .
The four-wave mixing interaction between these waves
imprints sidebands ωpr ± Ω on the probe. We monitor
the power Pimprint in the ωimprint = ωpr + Ω sideband at
the end of the waveguide as a function of Ω.
If there were only Brillouin coupling between the
waves, the effective index would be modulated exclusively at frequency Ω. However, the Kerr effect responds equally well to the beat notes ∆0 = ω0 − ωpr
and ∆−1 = ω−1 − ωpr . So there are four pathways to
ωimprint :
ωimprint
ωimprint
ωimprint
ωimprint

= ωpr + (ω1 − ω0 )
= ωpr + (ω0 − ω−1 )
= ω1 − ∆0
= ω0 − ∆−1

Both the Kerr and the Brillouin effect take the first two,
but only the Kerr effect takes the latter two pathways.
Therefore the Kerr effect manifests itself with double
strength in these experiments. Building on the formalism
of supplementary section I, we calculate the imprinted
sideband power Pimprint . The index modulation is
∆neff (z, t) = |∆nΩ | sin (Ωt − Kz + ϕΩ )
(S8)
+ |∆n∆0 | sin (∆0 t − (k0 − kpr ) z + ϕ∆0 )
+ |∆n∆−1 | sin (∆−1 t − (k−1 − kpr ) z + ϕ∆−1 )
with the following definitions
pΩ
{γK + γSBS L(Ω)}
k0
p∆0
∆n∆0 =
γK
k0
p∆−1
∆n∆−1 =
γK
k0

As before, we denote the angles ϕj = ∠ ∆nj exp (i π2 ) .
We also define a modulation depth ξj = k0 z|∆nj | for
each beat note. Next, we insert equation (S8) in equation
P (S2) and apply the Bessel expansion exp (iξ sin Φ) =
n Jn (ξ) exp (inΦ) to each of the beat notes. This re∆nΩ =

Our finite-element calculations of the SBS coefficient are
based on this formula. This theory completely reproduces the conventional backward SBS coefficients in the

© 2015 Macmillan Publishers Limited. All rights reserved
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threshold is about 25 mW in our 450 × 230 nm silicon
wires. From the observations

sults in
1X
Jk (ξΩ )Jl (ξ∆0 )Jm (ξ∆−1 )×
2
klm

exp −i(kΦΩ + lΦ∆0 + mΦ∆−1 ) ×
X
an (0) exp (i(ωn t − kn z)) + c.c.

E(z, t) =

• that our finite-element and coupled-mode modelling of the Brillouin effect matches the experiments
(S9)

n

Only three terms in the Bessel expansion influence
Pimprint when ξ is small. In particular, for (klm) =
(−100), (010) and (001) the frequencies ωpr , ω1 and ω0
are shifted to ωimprint respectively. Working out equation
(S9) for these terms, we obtain
ξΩ
ξ∆
exp (iϕΩ )apr + 0 exp (−iϕ∆0 )a1
2
2
ξ∆−1
exp (−iϕ∆−1 )a0
+
2

aimprint (z) = −

for the amplitude aimprint (z) of the imprinted tone. Here
the beat note
we used J1 (ξ) ≈ 2ξ for small ξ. Since

amplitudes are pΩ = 2 a1 a?0 + a0 a?−1 , p∆0 = 2a0 a?pr and
p∆−1 = 2a−1 a?pr , we finally obtain
Pimprint (z) = |γXPM (Ω)|2 |pΩ |2 Ppr

z2
4

with γXPM (Ω) = 2γK + γSBS L(Ω). Therefore we use the
(Ω) 2
Fano lineshape | γXPM
| as a fitting function for the
2γK
normalized probe sideband power.
IV.

MEASUREMENT OF THE FREE-CARRIER
LIFETIME

Free electrons and holes, created by two-photon absorption (TPA) in our experiments, induce significant
free-carrier absorption (FCA) and free-carrier index
changes (FCI) above a certain power threshold. As reflected in the saturation of the SBS gain (fig.3a), this

• and that the off-resonance background is flat in the
XPM experiment
we have evidence that the free carriers are not noticeably
influencing our results below the threshold. Nevertheless,
we performed a cross-FCA experiment (fig.S1) to exclude
the possibility of a significant drop in free-carrier lifetime
τc caused by the underetch of our wires.
The pump was a ≈ 100 fs-pulse with a repetition rate
of 501ns and peak power of ≈ 1 kW. When a pump pulse
arrives, it creates many free-carriers by TPA. The freecarriers recombine before the next pump pulse arrives.
Their presence is read out by monitoring the power of a
c.w. probe wave on a high-speed oscilloscope. Thus the
transmission T of the probe is



t
T = exp (−αFCA (t)) = exp −αFCA (t0 ) exp −
τc
where we normalized the transmission to the case without
FCA. Here we exploited the relation αFCA (t) ∝ N (t)
with N (t) the free-carrier concentration.
The experiments yield typical values of τc = 6.2 ns
before the etch and τc = 5.7 ns after the etch in identical waveguides. Hence there is, if at all, only a minor decrease of τc due to the underetch. The associated
1
bandwidth of f3 dB = 2πτ
= 28 MHz suggests a neglic
gible FCI-effect at 10 GHz. As a precaution, we work
when possible – in the longer wires – with low power
(below 15 mW on-chip) in the XPM-experiments. The
free-carrier nonlinearity γFCI can, in principle, always be
reduced below γK because γFCI ∝ Ppump while γK does
not depend on Ppump .
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FIG. S2. Overview of the straight and spiral waveguides. a, Top view of the silicon wires on a pillar. The 1.4 mm- and
2.7 mm-long wires are straight, the other waveguides are coiled up into a spiral. b, Properties of the waveguides: L is the total
waveguide length and Leff = 1−expα(−αL) the effective length with α = 2.6 dB/cm. The total wire length can be decomposed as
L = Lx + Lz + Lbend into the length Lx along the x-axis, the length Lz along the z-axis and the length of the bends Lbend .
The fractions Lx /Lz and Lbend /Lz drop rapidly as the spirals become longer. We also define the ratio Lsingle /Lrest between
the effective length Lsingle of isolated wires (i.e. more than 10 µm from another wire) and the effective length Lrest of the wires
in close proximity (< 2 µm). c, The 1 cm-long spiral has the highest fraction of wires along the x-axis, the highest fraction of
bends and the smallest fraction of wires in proximity of another wire. The spacing between adjacent wires is 1.55 µm.

V.

INHOMOGENEOUS BROADENING

The sensitivity of the resonance frequency to width
changes is 19.2 MHz/nm (fig.3b). Therefore, a width
change of 2 nm shifts the resonance by as much as its
35 MHz linewidth. The phononic resonance is more than
an order of magnitude less sensitive to height variations
(2.3 MHz/nm) and pillar size variations (0.5 MHz/nm).
Hence geometrical non-uniformities, particularly in the
wire width, may broaden the mechanical resonance. This
potential broadening cannot account for most of the mechanical linewidth. Otherwise, the measured Qm -factors
would not agree – within the measurement error – with
the simulated leakage-limited Qm -factors (fig.4b). Thus
other sources of acoustic linewidth must be small relative
to the clamping loss.
Nevertheless, we estimate an upper limit on the broadening caused by width non-uniformities. These width
fluctuations can be measured indirectly from variations
in the optical mode index, and thus the center wavelength of ring resonators, Mach-Zehnder interferometers
and arrayed waveguide gratings. The standard deviation
of the long-range variations in center wavelength of such
devices is less than 0.6 nm for our deep UV processS7 . In
our silicon wires, a 1 nm shift in waveguide width (height)
yields a 1 nm (2 nm) shift in center wavelengthS7 . Thus,
width (height) variations typically (1σ) do not exceed
0.6 nm (0.3 nm). Therefore, the width (height) fluctuations contribute less than 11 MHz (0.7 MHz) or 31%
(2%) of the measured linewidth. Besides, it was recently shown that 300 mm-diameter (instead of 200 mmdiameter) wafer processing results in a factor 2 better

width and height uniformityS8 .
Furthermore, the pillar size broadening is smaller than
the width-induced broadening. By repeated pillar size
measurements (as in fig.1c) in different sections of the spirals, we find that the pillar size variation falls within the
±5 nm error of the scanning electron microscope. This
yields a linewidth contribution of less than 4 MHz.
In conclusion, there is no evidence for inhomogeneous
broadening caused by geometrical non-uniformities. The
measured and simulated leakage-limited Qm -factors are
– within the measurement error – in good agreement
(fig.4b). The upper limits on width-, height- and pillarinduced broadening are 11 MHz, 0.7 MHz and 4 MHz.

VI.

PEAK SPLITTING IN SPIRALS

As discussed in section V, there is no evidence for inhomogeneous broadening of the resonances – in the sense
that a geometric parameter varies continuously along the
wire. However, our experiments do show peak splitting
in the 1 cm spiral (fig.S2c). This splitting occurs in both
the XPM (fig.S3) and gain experiment (fig.S4).
We find that the Fano resonances (fig.S3) are nearly
identical in the 2.7 mm straight wire and the 2 cm and
4 cm spirals. Thus neither the interaction strength γSBS
nor the linewidth Γ2πm is affected by the wire length. The
Fano resonance shows two sharp peaks in the 1 cm spiral
(fig.S3b). The peaks are separated by 55 MHz. This
particular spiral also has a reduced γSBS .
Similarly, the gain coefficient 2γSBS and the linewidth
Γm
2π are nearly identical in the 2.7 mm straight wire and
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FIG. S3. Fano resonances in wires of increasing length. We conduct the XPM-experiment (fig.2d) in wires of lengths
1.4 mm (not shown), 2.7 mm (a), 1 cm (b), 2 cm (c) and 4 cm (d). The resonance is identical in the 1.4 mm and the 2.7 mm
m
wires. The extracted Brillouin nonlinearity γSBS and linewidth Γ2π
are nearly identical in the 2.7 mm straight wire, the 2 cm
spiral and the 4 cm spiral. Only the 1 cm spiral (b) exhibits peak splitting and a reduced γSBS . The peak is split by 55 MHz.

the 2 cm and 4 cm spirals (fig.S4). The 1 cm spiral again
consists of two resonances separated by 55 MHz (fig.S4b).
There is also a small remnant of the minor peak in the
2 cm and 4 cm spirals, which was not visible in the XPMexperiments because of the larger frequency step. Apart
from the 1 cm spiral, the observed and predicted (Gpred =
2γSBS Pp Leff ) gain factors are in good agreement.
The 55 MHz splitting may be explained by a 2.8 nm
shift in wire width in a sub-section of the waveguide. We
suspect that this is caused by the lithographical proximity effect, in which closely adjacent wires are slightly
less wide than an isolated wire. Such proximity effects are known to play an important role in deep UV
lithographyS9 . A drop in wire width would cause an upshift in resonance frequency, as we indeed observe going
from the 2.7 mm straight wire to the spirals (fig.S3-S4).
For the relative height of the sub-peak and the main
resonance (fig.S4b), we find Gsub /Gmain = 45%. This
fraction corresponds to the ratio Lsingle /Lrest = 42%
(fig.S2b), with Lsingle the effective length of the waveguide where there is only a single wire (i.e. separated from
other wires by more than 10 µm) and Lrest the effective
length of the spiral section where wires are in close proximity (< 2 µm). The spirals are not located in the middle
between the gratings (fig.S2). Therefore, a detailed comparison also depends on the order of the wires.
In conclusion, the 1 cm spiral shows a reduced Bril-

louin nonlinearity. We suspect that this is caused by the
lithographical proximity effect, which reduces the width
of closely adjacent wires. The 2 cm and 4 cm spiral exhibit a Brillouin nonlinearity at full strength; as strong
as in the 2.7 mm straight wire (fig.S3-S4).

VII.

MEASUREMENT OF BACKWARD SBS

So far we focused on forward SBS, in which the excited phonons have a very short wavevector K = vΩg because the pump and Stokes have nearly equal wavevectors. However, the phononic mode demonstrated in this
work (fig.1d) can also be operated at another point in its
dispersion diagram. When the Stokes and pump counterpropagate through the wire, they generate the class of
phonons that obey K = 2k0 . The propagating version
(fig.S5a) of the Fabry-Pérot mechanical mode (fig.1d)
may then induce gain as well. These modes have an
acoustic group velocity that nearly equals the bulk acoustic velocity. Therefore, they have a significantly larger
acoustic decay length (∼ 10 µm) – making them more attractive for phononic circuits. We reconfigured our gain
experiment (fig.S5b) to study such modes.
We also find a Lorentzian gain profile (fig.S5c-d), but
this time at 13.66 GHz. For instance, we observe on/off
gain of 0.22 dB with Pp = 11.8 mW and L = 2 cm
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FIG. S4. Lorentzian gain resonances in wires of increasing length. We conduct the gain experiment (fig.2b) in wires
of lengths 2.7 mm (a), 1 cm (b), 2 cm (c) and 4 cm (d). The 1 cm spiral shows two resonances: the minor peak (brown) and
the main peak (green) add up to the entire resonance (red). We also show the predicted gain Gpred = 2γSBS Pp Leff given
2γSBS = 3218 W−1 m−1 . The predicted and observed Brillouin gain match closely in the 2.7 mm straight wire, the 2 cm spiral
and the 4 cm spiral. Only the 1 cm spiral (b) exhibits a reduced gain coefficient, caused by the peak splitting. Similar to
the XPM-experiment, the peak is split by 55 MHz. There is a remnant of the minor peak in the 2 cm and 4 cm spirals. The
linewidth is about 35 MHz in all resonances, where we show the width of only the main resonance in the 1 cm spiral.

(fig.S5d). We extract 2γSBS = 359 W−1 m−1 and Qm =
= 0.37 W−1 m−1 : a factor 30
971. Thus we have 2γQSBS
m
lower than in the forward case (fig.4c). We attribute
this reduction to destructive interference between electrostriction and radiation pressure, as predicted beforeS6
for fully suspended wires. Because of this low overlap, we
observe these resonances only in the long spirals (fig.S2).
Based on our finite-element models, we expect this propagating mode (fig.S5a) at 14.4 GHz with a coupling of
2γSBS
−1 −1
m . Therefore, we suspect that this is
Qm = 0.41 W
indeed the observed mode. Further investigations should
resolve this issue, as the simulations predict that there
are propagating modes with slightly better coupling at
higher frequencies. However, even the highest simulated

coupling strength reaches only 2γQSBS
= 1.04 W−1 m−1 for
m
an elastic mode at 27.3 GHz. The sweep of the frequency
Ω
spacing 2π
between the pump and Stokes seed was limited to 16 GHz in the current set-up.
Finally, it has been predicted that backward SBS is
suppressed in waveguides consisting of a cascade of fully
suspended regionsS10 . The issue is that the acoustic wave
cannot build up to its full strength in a suspended waveguide shorter than the acoustic decay length. In the limit
of long suspended regions, the length of each region is effectively reduced by one acoustic decay length (∼ 10 µm).
However, our wires are partially suspended all along their
length. Therefore the acoustic build-up has little effect
on the backward SBS gain.
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