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Strong Brillouin coupling has only recently been realized in silicon using a new class of op-
tomechanical waveguides that yield both optical and phononic confinement. Despite these major
advances, appreciable Brillouin amplification has yet to be observed in silicon. Using new membrane-
suspended silicon waveguide we report large Brillouin amplification for the first time, reaching levels
greater than 5 dB for modest pump powers, and demonstrate a record low (5 mW) threshold for
net amplification. This work represents a crucial advance necessary to realize high-performance

Brillouin lasers and amplifiers in silicon.

Both Kerr and Raman nonlinearities are radically en-
hanced by tight optical-mode confinement in nanoscale
silicon waveguides [1-4]. Counter-intuitively, Brillouin
nonlinearities are exceedingly weak in these same non-
linear waveguides [5]. Only recently have strong Bril-
louin interactions been realized in a new class of optome-
chanical structures that control the interaction between
guided photons and phonons [5-7]. With careful design,
such Brillouin nonlinearities over-take all other nonlin-
ear processes in silicon[6, 7]; these same Brillouin in-
teractions are remarkably tailorable, permitting a range
of hybrid photonic-phononic signal processing operations
that have no analog in all-optical signal processing[8-12].
Using this physics, the rapidly growing field of silicon-
based Brillouin-photonics has produced new frequency
agile RF-photonic notch filters[8, 10, 13, 14] and multi-
pole bandpass filters[12] as the basis for radio-frequency
photonic (RF-photonic) signal processing. Beyond these
specific examples, the potential impact of such Brillouin
interactions is immense; frequency combs[13, 15, 16],
ultra-low phase-noise lasers[17-19], sensors[9, 12, 20],
optical isolation[21-23], and an array signal processing
technologies[8, 12-14, 24, 25] may be possible in silicon
with further progress.

However, strong Brillouin amplification—essential to
many new Brillouin-based technologies—has yet to be re-
alized in silicon photonics. Despite the creation of strong
Brillouin nonlinearities in a range of new structures[6, 7],
nonlinear losses and free carrier effects have stifled at-
tempts to demonstrate net optical amplification. Only
recently, Van Laer et al. reported modest 0.5 dB (12%)
amplification [26] using suspended silicon nanowire struc-
tures of the type proposed in Ref. [5]. However, sensi-
tivity to surface imperfections challenges the robustness
of this system. Furthermore, Brillouin nonlinearities di-
minish with longer interaction lengths due to inhomoge-
neous broadening. Careful theoretical analyses by Wolff
et al., suggest that large net amplification is fundamen-
tally challenging to achieve in such silicon nanowires at
near-IR wavelengths [27].

In this paper, we report large Brillouin amplification
in silicon for the first time through an alternative de-
vice paridigm; using an all-silicon membrane structure
(Fig. 1) that permits independent design of photonic
and phononic modes, we demonstrate net amplification

at remarkably low (< 5 mW) pump powers, and record-
high amplification (5.2 dB) at 60 mW powers. These
results represents a 30-fold improvement in amplification
over prior systems [26]. In contrast to Ref. [6], this
all-silicon system yields a combination of a large Bril-
louin gain (Gp > 103 W~'m™1!) and record-low propa-
gation losses (< 0.2dB cm™!) permitting 40 times larger
nonlinear interactions. Using such strong couplings, we
demonstrate cascaded-Brillouin energy transfer in a sil-
icon waveguide for the first time. In addition to new
silicon-based Brillouin laser technologies, this new regime
of Brillouin coupling opens the door for nonreciprocal sig-
nal processing schemes and comb generation.

FIG. 1.

Hybrid photonic-phononic silicon waveguide. (a)
schematic of continuously suspended silicon Brillouin-active
waveguide and (b) cross-section of the active region. (c) dia-
gram showing critical device dimensions. (c), (d), and (f) are
E, field of guided optical mode, xz-component of electrostric-
tive body force, and the elastic displacement field of the Bril-

louin active phonon mode, respectively. (g) cross-sectional
SEM of waveguide core, while (h) and (i) show top-down SEM
images of fabricated device. Scale bars indicate 500 nm, 10
pm and 5 pm in (g), (h), and (i) respectively. Phase-matching
diagram of (j) is shown atop optical dispersion relation in (k).



This Brillouin-active waveguide system is continuously
suspended over centimeter-lengths by a series nanoscale
tethers, as seen in Fig. 1la. The active region of the
suspended waveguide (Fig. 1b) is diagrammed in Fig. lc.
Light is confined to the central ridge structure through
total-internal reflection, which supports guidance of the
low-loss TE-like guided optical mode at A = 1550 nm
(Fig. 1d). Figure le shows the electrostrictive optical
force distribution generated by this mode; these optical
forces mediate efficient coupling to the guided phonon
mode (Fig. 1f) at GHz frequencies. Confinement of this
guided phonon mode (Fig. 1f) is produced by the large
acoustic impedance mismatch between silicon and air.

Co-propagating pump and Stokes waves of frequen-
cies w, and w, are guided in the same TE-like opti-
cal mode and couple through parametrically generated
acoustic phonons with frequency Qp = w, — w,. Cou-
pling is mediated by guided phonon modes that satisfy
the phase matching condition K(Qg) = k(wp) — k(ws)
sketched in Fig 1j-k, where K (2) and k(w) are the acous-
tic and optical dispersion relations. In the forward scat-
tering case, phase matching requires K (Qp) = (Qp/v,),
where v, = (Ow/0k) is the group velocity of the opti-
cal mode. Hence, phonons which mediate forward-SBS
have a vanishing longitudinal wave-vector. As described
in Ref. [6], a set of guided acoustic waves (or Lamb-
waves) with exceedingly low (<1 m/s) group velocities
satisfy this condition. The underlying dynamics of this
process is similar to that first observed in optical fibers
[15], permitting both signal amplification and cascaded
energy transfer that is distinct in nature from the more
widely studied backwards-SBS process [28].

These devices are fabricated from a crystalline sili-
con layer through a silicon-on-insulator (SOI) fabrication
process (see Methods). Scanning electron micrographs of
the device cross-section and top-down view are shown in
Fig. 1g and Fig. 1h-i respectively. The device consists
of 1 um wide ridge that sits atop a 3 um wide, 160 nm
thick silicon membrane. Each suspended region (seen in
Fig. 1i) is supported by symmetrically placed nanoscale
tethers spaced every 50 pm along the waveguide length;
this design enables robust fabrication of several centime-
ter long Brillouin-active waveguides. Note that the sup-
porting tethers have negligible contribution to the optical
losses. In what follows, we examine Brillouin interactions
in a 29 mm long continuously suspended Brillouin active
device comprised of 570 suspended segments.

Direct measurements of the Brillouin gain were per-
formed using the apparatus of Fig. 2a. Figures 2b.i-iii
show the forward-Brillouin gain spectra for pump-wave
powers of 21, 36, and 62 mW respectively. These spec-
tra reveal a high quality-factor (@ = 680) Brillouin res-
onance at 4.35 GHz, demonstrating remarkable robust-
ness to dimensional variations. Figure 2e shows the peak
Brillouin gain as a function of pump power, reaching
a maximum value of 6.9 dB at the highest (62 mW)
pump power, consistent with a Brillouin gain coefficient
of Gy = 1152+ 54 W~ !m~!. Independent measurements
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FIG. 2. Experimental results showing Brillouin gain and net
amplification. (a) Diagram of the experimental apparatus;
abbreviations detailed in Methods. Panels i, ii, and iii of (b)
are the Brillouin gain spectra obtained for powers 21, 36, and
62 mW respectively. (c) plots peak gain (red), linear loss
(dash) and total loss (green) versus pump power at 1550 nm
wavelengths. (d) Net amplification as a function of pump
power. The threshold for amplification is 5 mW.

performed through heterodyne four-wave mixing spec-
troscopy yield a value of Gg = 1117 + 176 W~ m ™! (see
Supplementary Information). Both measurements show
good agreement with calculated frequency, 4.41 GHz, and
Brillouin gain 10154193 W~ 'm~! from a finite element
simulation.

The net Brillouin amplification (Fig. 2f) is obtained
by subtracting the total loss (green) from the peak Bril-
louin gain (red) in Fig. 2e. These data reveal a peak on-
chip amplification of 5.2 dB at 62 mW powers; moreover,
the threshold for net amplification occurs at record-low
(< 5mW) optical powers owing to the low propagation
losses and large Brillouin gain coefficient of this system.
Note that the total waveguide loss represents the sum
of the linear and nonlinear waveguide losses. Through
these measurements, net amplification (5.2 dB) was lim-
ited only by the power handling of the tapered input
couplers; amplification continues to grow at the highest



pump powers (62 mW). Hence further amplification is
clearly achievable with improved input coupler designs.

This large nonlinear coupling also enables cascaded
forward-Brillouin energy transfer.  This interaction,
previously only observed in highly nonlinear micro-
structured fibers [15], is quantified by injecting two drive
fields at frequencies wg and w; into the Brillouin-active
waveguide. Nonlinear coupling between these equal in-
tensity drive fields, with frequency separation g, pro-
duce resonant phonon-mediated energy transfer (Fig.
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FIG. 3. Setup and results of an energy transfer (two-tone) ex-
periment (a) Experimental diagram to measure power transfer
driven by two pump fields of equal magnitude (b) Frequency
power spectrum of output light as a function of total on-chip
power. (c) Power transfer as a function of on-chip power
showing theoretical calculations (lines) and measured ampli-
tudes for pump fields wo and wq (solid black, solid red) and
first cascaded fields w_; and wa (solid red, dashed red) fields.
The vertical blue lines correspond to panels i-iii above.

3a). Heterodyne spectral analysis is used to quantify
cascaded energy transfer to successive Stokes and anti-
Stokes orders, of frequencies {w;}, at the device output;
three characteristic spectra are shown in Fig. 3b-d, cor-
responding to injected powers P = Py = P; of 0.1 mW,
13 mW and 32 mW respectively. These data reveal 62%
power transfer from [=1to l={-2,—1,0,+2,+3} orders
through strong light driven acousto-optic energy transfer.

This cascading process is unique to forward Brillouin
scattering; through this process the cascaded optical
fields coherently drive the same phonon field produc-
ing successive parametric frequency shifts [15]. The
relevant figure of merit for cascaded energy transfer is
the power-gain-length product &, which is defined as
f = GB\/(PO Pl)Leff = GBPLeff. Here, Leff is the
effective interaction length taking into account nonlinear
loss (see Supplementary Information). At the highest
tested power, this device admits a normalized propaga-
tion length £ =0.71. As seen from both experiment and
theory in Fig. 3c, the demonstrated coupling strength
approach maximal depletion of the wq drive-field, result-
ing in significant energy transfer to higher order Stokes
and anti-Stokes orders. This process is a basis for wide-
band nonreciprocal energy transfer, comb generation,
and waveform synthesis [15].

More generally, the realization of numerous Bril-
louin laser and amplifier technologies hinge upon rela-
tive strength the Brillouin coupling and linear /nonlinear
losses. In this regard, this planar waveguide topology of-
fers several advantages over nanowire systems. Greatly
reduced sensitivity of this optical mode to lithographic
sidewall roughness permits ultra-low (0.18 + 0.02 dB
cm™1) propagation losses [29, 30], enabling interaction
lengths of 25 cm, more than an order of magnitude
larger than prior systems [6, 7, 26]. In addition, this
same waveguide geometry drastically shortens the effec-
tive free-carrier lifetimes (~ 2 ns) relative to bulk (> 10
ns) through rapid in-plane diffusion of carriers [31]. Short
free carrier lifetimes, combined with a reduced TPA coef-
ficient, result in 15-times lower nonlinear losses than the
nanowire systems analyzed in Ref. [27]. Together these
properties yield an unprecedented Brillouin gain figure
of merit of # = 5.2 [27]. (For further details see Sup-
plement.) Hence, this unique hybrid photonic-phononic
waveguide design represents a significant advance over
prior silicon nanowire waveguide systems. Moreover, this
improved figure of merit suggests significant opportunity
for high-efficiency Brillouin amplification and cascaded
energy transfer.

Thus far, we have focused on individual Brillouin-
active waveguides of 2.9 cm length, and the injected op-
tical powers have been limited to ~ 60 mW by the in-
put coupling method. With high power input couplers,
this waveguide geometry readily supports guided powers
of 150 mW [12]. Furthermore, low propagation losses
permit exceptionally large (25 ¢cm) propagation lengths.
Taking nonlinear losses into account, these conditions
would enable 30 dB of amplification over a 20 cm waveg-



uide length; a cascaded energy transfer figure of merit
of ¢ = 3.8 is also achieved under these conditions, cor-
responding to efficient energy transfer to more than 20
comb lines. However, this level of performance is only
possible if inhomogeneous broadending does not dimin-
ish the Brillouin gain along the device length [6, 7, 26].

To explore the impact of inhomogeneous broaden-
ing on Brillouin gain, we studied devices with lengths
from 500 microns to 2.9 cm (for details see Supple-
ment). The shortest waveguide lengths reveal gains of
Gp = 1837 4+ 134 W—'m™1; this increased gain is con-
sistent with measured higher effective phononic Q-factors
(Q = 1019 + 59). As lengths are increased (L = 0.5, 2.5,
5 and 29 mm) the Q-factor and gain monatonically de-
crease in a manner consistent with inhomogeneous broad-
ening. Note however, the majority of dimensionally in-
duced broadening occurs over the first 5 milimeters. Only
a marginal (15%) increase in linewidth is seen for a 6-fold
increase in length (i.e., from 0.5 cm to 2.9 c¢m), demon-
strating a greatly improved net Brillouin amplification
with increasing device length.

These results contrast sharply with recent studies of
nanowire waveguides [6, 7, 26]. To understand why, we
analyze the sensitivity of Brillouin frequency with di-
mensional variations. FEM simulations reveal resonant
frequency changes of 1.4 MHznm™!, 0.8 MHznm ™!, and
0.7 MHznm ™! with variations in device dimensions a, b,
and ¢, as diagrammed in Fig. lc. (see Supplementary
information for full details.) This degree of dimensional
sensitivity is 10 times smaller than that of nanowire sys-
tems (19 MHznm™!) [7], which explains the improved
robustness and scalability of this system.

To explore the potential for higher single-pass ampli-
fication, we also fabricated Brillouin-active waveguide
structures with lengths up to 8.7 cm. These structures
(consisting of 1,710 suspended segments) produced reli-
able low-loss optical transmission. However, for lengths
greater than 2.9 cm it was necessary to wrap the waveg-
uide using a serpentine device geometry. This change in
layout also altered the character of the resonance line-
shape, suggesting that systematic effects (e.g., proximity
effect, stress propagation, and process variations) likely
play a role in excess broadening observed in these mod-
ified device designs. Hence, to approach the theoretical
limits of Brillouin gain and nonlinear coupling described
above, it may be necessary to implement systematic fre-
quency compensation across fabricated devices.

Nevertheless, the demonstrated Brillouin amplification
and improved figures of merit already open the door to
high performance Brillouin laser and signal processing
technologies. For instance, the ultra low (0.18 + 0.02
dB cm™!) propagation losses of this waveguide geometry
translate to optical cavity Q-factors of > 4 million. Using
this new waveguide design, efficient and tailorable all-
silicon Brillouin lasers are readily achieved with threshold
powers approaching 10 mW.

In summary, using a new suspended ridge waveguide
system, with independent photonic and phononic tai-

lorability, we have demonstrated large Brillion ampli-
fication necessary to achieve high-performance on-chip
Brillouin lasers and signal processing technologies. The
device’s large nonlinear figure of merit is enabled by ex-
cellent linear and nonlinear loss performance of the mem-
brane structure. Net amplification of over 5 dB is demon-
strated for modest (60 mW) pump powers . The device
also exhibits significant cascaded energy transfer medi-
ated by a single phonon field. Analysis of Brillouin gain
and device performance demonstrates that there is in
fact immense potential for flexible silicon-based Brillouin
photonics at near-IR wavelengths. This combination of
high nonlinearity with robust optical and acoustic per-
formance opens the door for a wide range of hybrid sili-
con photonic-phononic technologies for RF and photonic
signal processing, waveform and pulse synthesis, optical
isolators and filtering, and new light sources.

1. Fabrication Methods

The silicon waveguides were written on a silicon-on-
insulator chip with a 3 pum oxide layer using electron
beam lithography on hydrogen silsesquioxane photore-
sist. Following development, a Cly reactive ion etch was
employed to etch the ridge waveguide structure. Af-
ter a solvent cleaning step, slots were written to expose
the oxide layer, again with electron beam lithography of
ZEP520A photoresist and Cly RIE. The device was then
wet released via a 49% hydrofluoric acid etch of the oxide
undercladding.

2.  Ezperimental Methods

Both experiments used a pump laser operating around
1550 nm. Light is coupled in and out of the waveguide
through the use of grating couplers with measured cou-
pling losses of 6.5 dB. For the gain experiment, the band
pass filters are used to ensure that only fields w, and w;
are injected and measured. The following abbreviations
are used in the experimental diagrams:

Fig. 2a: IM Mach-Zehnder intensity modulator, BC
DC bias controller, BP band-pass filter, DUT device un-
der test, PD photodetector, RFSA radio frequency spec-
trum analyzer.

Fig. 3a: IM Mach-Zehnder intensity modulator, BC
DC bias controller, AOM acousto-optic modulator, DUT
device under test, PD photodetector, RFSA radio fre-
quency spectrum analyzer.
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