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By interfacing chip-based electrical circuits with optical waveguides, the field of integrated
photonics seeks to create next-g;zneration technologies for information processing, high-
speed communications, and precision sensing. To this end, a considerable body of work
over the past two decades has demonstrated high-performance waveguide-integrated modu-
lators. filters, light sources, and detectors with potential advantages in terms of size, power
consumiption. performance, and cost over conventional benchtop systems.

In this dissertation, we explore interactions between traveling photons and phonons
within these integrated photonic circuits. By coupling optical and elastic degrees of freedom,
we develop new functionalities not available within all-optical systems. We harness these
techniques to demonstrate optical amplifiers, microwave filters, nonreciprocal devices, and
signal-processing techniques within integrated silicon waveguides.

Underpinning these interactions is a nonlinear optical effect called stimulated Brillouin
scattering (SBS). While Kerr (electronic) and Raman (optical phonon-mediated) nonlinear-
ities are well-known to be enhanced by sub-wavelength confinement in integrated waveg-
uides, Brillouin nonlinearities, which are the strongest nonlinearity in optical fiber, were
previously absent in semiconductor integrated photonic circuits. By designing new optome-
chanical waveguide structures which tightly confine light and sound, these nonlinearities
become radically enhanced. making them not only measurable, but exceedingly strong and
tailorable.

Utilizing suspended waveguide designs, we describe the development of silicon waveguide-
integrated Brillouin amplifiers that permit appreciable (>5 dB) optical amplification through
forward SBS (FSBS). This process also enables a novel form of cascaded energy transfer

between multiple coupled optical waves. In contrast to prior works, which painted a rel-



atively bleak picture for Brillouin amplification in silicon, these results demonstrate great
potential for efficient optomechanical signal processing within silicon waveguides.

Beyond applications in nonlinear optics, we use these robust FSBS couplings to ex-
plore new concepts for acousto-optic signal processing through Brillouin-mediated coherent
phonon generation. One such technique is realized using structures that couple two dis-
tinct optical waveguides to a common phonon mode. In this device, forward SBS is used
to convert a microwave signal into an elastic wave, where the signal is filtered through
the device’s designed phononic transfer function. This signal then phase-modulates light
guided in a separate waveguide, converting it back to the optical domain. This opera-
tion is used to demonstrate high-fidelity, ultra-narrowband radiofrequency filtering within
a microwave-photonic link.

Within multimode optomechanical waveguides, we engineer sfimulated inter-modal Bril-
louin scattering (SIMS) to permit new degrees of control over the dynamics of photon-
phonon interactions. SIMS enables flexible optical signal routing by harnessing on-chip
mode multiplexing, and intrinsically decouples Stokes and anti-Stokes processes to produce
single-sideband optical amplification and energy transfer. These couplings are used to create
a new kind of Brillouin laser, which produces Schawlow-Townes-like linewidth narrowing for
phonons, despite the absence of an acoustic cavity or feedback mechanism. The dynamics
of inter-modal Brillouin scattering also enable the experimental demonstration of optome-
chanical cooling within a continuous, traveling-wave system. Such operations represent an
extension of existing cavity-optomechanical systems to the continuum limit.

Finally, we utilize SIMS to produce nonreciprocal acousto-optic mode conversion within
a multi-core optomechanical waveguide by utilizing a nonlocal inter-band Brillouin scat-
tering (NIBS) process. Through this interaction, an optically-driven elastic wave mediates
unidirectional light scattering through a nonreciprocal phase-matching condition. In con-
trast to prior resonant optomechanical structures, the bandwidth of this process is controlled
through optical dispersion, permitting nonreciprocal operation over bandwidths as large as
150 GHz (1.2 nm). Depending on the desired operation scheme, the same reconfigurable de-
vice can be used to demonstrate unidirectional single-sideband modulation, widely-tunable

narrowband microwave filtering, and microwave and optical spectral analysis.



Such advances demonstrate the utility of photon-phonon interactions within a wide array
of integrated optical systems. Beyond this work, further refinement of these techniques may
enable on-chip Brillouin-based signal processing operations with superb tunability, fidelity,

and bandwidth.
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2.1

2.2

Stokes and anti-Stokes scattering processes. (a) Through a Stokes
process, an incident photon (frequency wp) emits a red-shifted photon (fre-
quency ws = wp — ) and a phonon (frequency ). This process is illustrated
through a scattering diagram (top) and energy-level diagram (bottom). (b)
Through an anti-Stokes process, an incident photon (frequency wyp) annihi-
lates a phonon and is blue-shifted to frequency was = wp + Q. Image credit:
Shai Gertler, Eric Kittlaus. . . . . . . . . . .. i
Backward stimulated Brillouin scattering. (a) diagrams a slice of a ma-
terial in which two counterpropagating optical beams at frequencies w; and
wy are incident. These light waves produce a traveling intensity beat note
within the medium. (b) This intensity fringe pattern induces a traveling
elastic wave through electrostrictive forces, with a time-harmonic frequency
Q at the optical beat frequency. (c) This elastic wave can scatter light be-
tween the two fields through photoelastic (acousto-optic) coupling, resulting

in nonlinear energy transfer through stimulated Brillouin scattering.
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2.3 Vectorial picture of optical forces and SBS coupling. (a) diagrams

a portion of a translationally-invariant waveguide with a rectangular cross
section (left), and a perspective view (right) (b) This structure guides many
elastic waves, one of which is plotted in (b). For simplicity, the wavevector ¢
of the simulated mode is set to 0 for the purposes of this diagram. (c¢) This
optomechanical waveguide supports a transverse electric-like (TE-like) opti-
cal mode with the z-directed electric field profile shown here. This optical
field produces a variety of body and boundary forces within the waveguide,
including the z-directed electrostrictive body force in (d), and the bound-
ary radiation pressure shown in (e). Cross-sectional slices of the optical
mode and forces are plotted below (c-e). Both these electrostrictive and
radiation-pressure forces are well-suited to coupling with elastic waves with
the z—displacement profile from (b), since they produce forces with the same

symmetry and direction as the elastic-wave motion. . . ... ... ... ..
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2.4 Phase-matching and dynamics of BSBS. (a-c) depict the gain dynam-
ics of BSBS. Counterpropagating pump (blue) and signal (red) waves are
injected in the same spatial mode of a Brillouin-active waveguide. These
waves couple through a longitudinal acoustic phonon (b) to produce energy
transfer from pump to signal waves. These dynamics can be understood from
the phase-matching requirements for backward Brillouin scattering (d-f): In
panel {(d), wavevector and frequency (energy) conservation are plotted via
the horizontal and vertical coordinates, respectively. A forward-propagating
phonon (solid green arrow) lying on the phonon dispersion curve (black)
scatters light between a forward-propagating wave at frequency wp (initial
state represented by an open circle) and a backward-propagating wave at
frequency ws (final state represented by a filled circle). This phonon has a
wavevector g equal to the wavevector difference between initial and final op-
tical states kp — ks, as diagrammed in (e). Because the anti-Stokes process
couples through a phonon which travels in the opposite direction (dashed
green arrow in (d) and (f)), anti-Stokes scattering is decoupled from the

Stokes scattering process. . . . . . . . ... e

xii



2.5 Phase-matching and dynamics of FSBS. (a-c) depict the gain dynamics
of FSBS. Co-propagating pump (blue) and signal (red) waves are guided in
the same optical mode of a Brillouin-active waveguide. The same device also
guides transverse acoustic waves (b) which produces nonlinear light-sound
coupling. While pump light is scattered to the signal wave, producing gain,
the same acoustic phonon also scatters light to the blue-detuned (anti-Stokes)
sideband. This form of dual-sideband gain is quite distinct from the dynam-
ics of BSBS, and can be understood from the phase-matching conditions for
FSBS (d-f) Panel (d) plots the dispersion curve for the optical waveguide
mode and the acoustic phonon mode. A forward-propagating phonon (solid
green arrow) lying on the phonon dispersion curve (black) scatters light be-
tween two points (wp, kp) and (ws, ks) on the optical dispersion curve (dark
blue). However, this same phonon can also scatter light through anti-Stokes
(blue-shifting of the pump) and cascaded Stokes (red-shifting of signal light)
processes, mapping light between successive points along the optical disper-
sion curve. (e-f) depict phase-matching (wavevector conservation) for Stokes
and anti-Stokes scattering. The same phonon participates in both, leading

to intrinsic coupling between Stokes and anti-Stokes processes. . . .. . ..

xiii



2.6 Phase-matching and dynamics of SIMS. (a-c) depict the dynamics of
optical amplification in a SIMS-active waveguide. Co-propagating pump
(blue) and signal (red) waves are coupled into separate transverse spatial
modes of a multimode optomechanical waveguide. These optical waves cou-
ple through an asymmetric traveling-wave phonon (black arrow with gray
arcs) to produce gain of the red-detuned signal wave at the expense of the
pump. (d-f) plot the phase-matching behavior of this process. In (d), a
guided-wave acoustic phonon (solid green arrow) which lies on the acoustic
dispersion curve (black) is used to couple light from the pump mode (sym-
metric mode, blue) to the signal wave (anti-symmetric mode, red). Similar
to the types of Brillouin processes discussed in prior sections, Stokes scat-
tering transfers light from a point (wp, kp) denoted by an open circle to a
point (ws, ks) (filled circle). However, through SIMS the wavevectors kp and
ks correspond to distinct optical dispersion branches. The same phonon
with wavevector ¢ = k, — ks cannot produce cascaded Brillouin scattering
processes since no destination optical state is available on other dispersion
bands. Furthermore, as in BSBS, the phonons which mediate Stokes scatter-
ing (solid green arrow) and anti-Stokes scattering (dashed green arrow) travel

in different directions, as denoted in (d-f), so these processes are decoupled. 42
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2.7

3.1

Modal picture of stimulated Brillouin scattering processes in a sil-
icon waveguide. The various component parts of SBS are plotted for three
different processes within a 1000x230 nm silicon nanowire. (a) In backward
intra-modal SBS, nonlinear coupling occurs between two light waves guided
in the same optical mode (with approximate wavenumber k) but traveling in
opposite directions. These optical waves drive time-harmonic optical forces
through electrostriction and radiation pressure. The relevant component of
the electrostrictive force is in the z direction, and is mediated by the photoe-
lastic tensor component p15, while radiation pressure is always normal to the
dielectric discontinuities at the waveguide boundaries. These forces couple
to a compressive-like elastic wave with wavenumber 2k. Because this elastic
mode also experiences motion in the transverse direction, radiation pressure
can play a role in the BSBS interaction in highly-confined systems. (b) Intra-
modal forward SBS occurs between two co-propagating light waves guided in
the same optical mode. These optical fields excite transverse optical forces
through electrostriction (through the p;; tensor component) and radiation
pressure, which couple to an acoustic breathing-type mode with near-zero
wavevector. (c) In inter-modal forward SBS, two optical spatial modes with
wavevectors k1 and ko excite traveling optical force distributions through
electrostriction and radiation pressure. While coupling through transverse
field components (i.e. through p1; and boundary forces) is typically domi-
nant, longitudinal-wave couplings can play a significant role. These forces

couple to a Lamb-like elastic mode with wavevector k1 —ko. . . . . . . . . .

Substrate-induced acoustic dissipation. (a) diagrams the cross-section
of a typical silicon-on-silica waveguide geometry. (b) is a simulation demon-
strating how elastic waves driven in the silicon waveguide core rapidly radiate
into the substrate. (c) depicts a possible waveguide design for both light and
sound where the silica substrate has been removed. Image credit: Peter

Rakich. Panel (c) is from Ref. [195]. . . ... .. ... ... .........
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3.2

3.3

3.4

Suspended membrane waveguide design. (a) shows a schematic of
the continuously-suspended optomechanical waveguide, with a cross-section
of the active region sketched in (b). (c) diagrams relevant device dimen-
sions. The device guides optical waves in the TE-like mode whose E; field
is plotted in (d). The resulting electrostrictive force from this mode has an
z—component whose spatial character is plotted in (e). (f) Plots the nor-
malized displacement of a 4-GHz elastic mode to which this force strongly
couples. (g) plots a scanning electron micrograph (SEM) of the device cross-
section. (h-i) plot SEMs of the top-down view of the device. Adapted from
Ref. [219]. . . . . . . o
Silicon membrane waveguide propagation loss measurements (a)
Total transmission loss of a low-power probe as a function of waveguide length
for a series of test waveguides. Red line is a fit corresponding to a linear loss
of 0.18 dB/cm. (b) Observation of nonlinear loss as input power is increased.
Red line is a fit to Eq. 3.2. All measurements are at an optical wavelength
of 1550 nm. Adapted from Ref. [219]. . . .. ... ... ... ... . ... .
Free-carrier-induced modulation (a) Diagram of the heterodyne four-
wave-mixing experiment. The photoexcited free-carrier density is modulated
by strong pump fields separated by frequency £2, resulting in nonlinearly-
induced phase changes to the probe beam. An acousto-optic modulator
provides a reference field for heterodyne detection. (b) Traces for mea-
sured anti-Stokes (blue, upper curve) and Stokes (green, lower curve) sig-
nals and corresponding theoretical curves as a function of pump modulation
frequency. Several Brillouin resonances, which produce narrowband acousto-
optic phase modulation, are also visible. The total input power is around 70

mW. Adapted from Ref. [219]. . . . .. . ... . ... oL
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3.5 Experimental demonstration of Brillouin amplification. (a) Detailed
diagram for the Brillouin gain experiment. Subpanels (i)-(iv) Illustrate the
spectral content of the different tones present corresponding to positions i-
iv along the signal path. In diagrams (ii) and (iv), the +Q modulation
sideband is removed by a notch filter. Abbreviations: IM Mach-Zehnder
intensity modulator; EDFA erbium-doped fiber amplifier; NF notch filter;
DUT device under test; ISO optical isolator; PD fast photodetector; RFSA
radio-frequency spectrum analyzer /power meter. (b) Panels (i), (ii), and (iii)
are gain spectra around the Brillouin frequency obtained for pump powers of
21, 36, and 62 mW, respectively. (c) plots peak gain (red), linear loss (dash)
and total loss (green) versus on-chip pump power at 1550 nm wavelengths.
(d) shows net amplification as a function of pump power. The threshold for

amplification is 5 mW. Adapted from Ref. [219]. . .. ... ... ... ...
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3.6

3.7

Cascaded forward-SBS energy transfer (a) Diagram for the modified
forward-SBS experiment used to demonstrate energy transfer. Incident pump
light is split into two paths. In the upper path, light is passed through a
null-biased intensity modulator driven at a frequency £2/2 to produce two
tones separated by a frequency 2 that is set to the Brillouin frequency Qg.
These two tones are amplified and passed through the device. In the bottom
path, light is frequency-shifted by 40 MHz using an acousto-optic modulator,
which is then combined with the output light from the device on a fast pho-
toreceiver for heterodyne detection. This technique allows the detection of
each cascaded frequency component as a unique microwave beat note whose
power is measured using a radiofrequency spectrum analyzer.. Abbreviations:
IM Mach-Zehnder intensity modulator; EDFA erbium-doped fiber amplifier;
DUT device under test; PD fast photodetector; RFSA radio-frequency spec-
trum analyzer /power meter. (b) Panels (i), (ii), and (iii) are stem plots of
the normalized output powers as a function of frequency component order n
for total incident powers of 0.1, 26, and 65 mW, respectively. Red arrows
denote incident light in orders n = {0, 1}. These data correspond to the three
vertical slices denoted in blue in panel (c), which shows theoretical calcula-
tions (lines) and measured amplitudes for pump fields wp and w; (solid black,
solid red) and first cascaded fields w_; and wy (solid red, dashed red) fields.
Adapted from Ref. [219]. . . . . . . . ...
Brillouin gain and loss. (a) Plots Brillouin attenuation of a weak probe
that is blue-detuned from a strong pump wave by the Brillouin frequency
shift. The three panels are for pump powers of 21, 36, and 62 mW, respec-
tively. (b) Plots the peak Brillouin gain (black) or loss (red) with increasing
pump power within the same device. Brillouin loss becomes exceedingly
strong at high pump powers since the generation of Stokes-scattered light
preserves the interaction strength as blue-detuned probe light is depleted.

Adapted from [219]. . . . . . ..
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3.8

3.9

3.10

Coherent anti-Stokes forward Brillouin scattering. (a) Energy level
diagram for the CABS process. Pump waves at frequencies wl()l) and wél)
coherently excite the system to an excited vibrational state (i.e. excite an

acoustic phonon). Probe light at frequency wf(,z) absorbs this phonon through

a Brillouin scattering process and is blue-shifted to frequency w;(,_z). This cou-
pling is mediated through an elastic cutoff mode whose dispersion relation is
sketched in (b). For intra-modal forward Brillouin scattering, this mode has
near-zero wavevector. (c) plots both energy conservation and phase-matching
for this process on top of the optical dispersion curve. . . . ... ... ...
Coherent anti-Stokes Brillouin Scattering data (a) and (b) Plot data
(red dots) and fits to Eq. 3.36 for CABS signatures on devices with lengths of
0.5 mm (a) and 29 mm (b). The shorter device displays a narrower intrinsic
linewidth since it is experiences less resonance broadening from fabrication
variations along the device length. (c) Plots a wideband sweep depicting
the 29 mm device’s three strongest Brillouin resonances and their simulated
frequencies (red dashes). The background shape is due to the free-carrier
effect discussed above. Adapted from Ref. [219]. . ... ... ... .. ...
Dimension-induced broadening. (a) depicts the relevant dimensions
which define the waveguide cross-section. (b) plots the measured quality

factors of the Brillouin resonances of the 4 GHz phonon mode for devices of

four different lengths. Adapted from [219]. . . . . . .. ... ... ... ...
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4.1 Photonic-phononic emitter-receiver operation scheme. (a) depicts
basic operation of the PPER as a RF filter/modulator. Laser light (blue)
is intensity-modulated by an input RF signal and injected into the ‘emit’
waveguide through port 1 of the device. This modulation transduces an
acoustic phonon through electrostrictive forces. Light from a second laser
(red) is injected into the ‘receive’ waveguide through port 2 of the device,
and is phase-modulated by the same acoustic phonon before exiting the device
through port 4. (b) depicts example power spectral content of the various
signals in this experiment (i) a sample broadband RF input spectrum (ii)
intensity-modulated laser light with sidebands encoded by the RF modulation
(iii) the resulting acoustic phonon spectrum which filters the original RF
signal through the device’s narrowband phononic response (iv) the optical

spectrum of the output phase-modulated light. Adapted from Ref. [220]. . . 86



4.2 Silicon photonic-phononic emitter-receiver device. (a) depicts the de-

vice cross section; a dual-ridge membrane structure fabricated from a single-
crystal silicon layer is suspended by a series of tethers on an SOI wafer.
(b-c) show cross-sectional and top-down SEMs, respectively, of the fabri-
cated device. (d) plots the cross-sectional dimensions of the PPER structure,
while (e-f) plot the fundamental TE-like guided optical mode profiles for the
two embedded ridge waveguides. (g) plots the z—component of the elastic
displacement field for a ~4.3 GHz elastic mode which extends throughout
the device. (h) diagrams the experimental characterization apparatus for
probing the PPER device response. In the top optical path, pump light is
intensity modulated around the zero-bias point and amplified through an
erbium-doped fiber amplifier to create two strong pump waves separated by
Q) =~ Qp. This light is injected into the emit waveguide through port 1. A
separate probe wave is split into two paths—in the middle path, it enters the
receive waveguide through device port 2 and exits through port 4, at which
point it is recombined with a frequency-shifted local oscillator (bottom path)
and incident on a fast photodiode for heterodyne spectral analysis in the mi-
crowave domain. (i) Plots the normalized modulation response of the PPER
device as a function of drive frequency. (j) Plots the power in each of the two
principal phase-modulation sidebands as a function of incident on-chip pump
power when the device is driven on resonance ) = g in this configuration.

Adapted from Ref. [220]. . . . . . . .. .. L o
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4.3

4.4

Silicon PPER within an RF-photonic link. (a) diagrams the RF-
photonic link experiment: Pump light is intensity modulated by a microwave
signal and amplified, and subsequently coupled into the emit waveguide of
the PPER device. Probe light is passed through the receive waveguide, where
it is modulated through the emit-receive process, and is amplified after being
coupled off-chip to offset coupling losses. A fiber Bragg grating filters out
one of the modulation sidebands to convert the phase modulation to intensity
modulation, and the resulting signal is incident on a high-power photodiode
to convert back to the RF domain. (b) shows RF power input/output data
for both a monochromatic signal (top) and third-harmonic (bottom) tone
through the link. The linear behavior of these curves is extrapolated (dashed
grey lines) to find the third-order intercept point OIPg (black dot). (c) plots
input and output power spectra for a two-tone incident RF signal consisting
of equal-amplitude drive tones at Op and Qp-+27 x 50 MHz. The out-of-band
signal is attenuated by 26 dB relative to the in-band signal via the PPER
filter’s acoustic response. (d) Characterizes the noise floor around the filter
center frequency Qp/27 = 4.33 GHz as a function of probe power. The in-
set shows the noise floor due to a combination of spontaneous Brillouin noise
and a white background due to amplified spontaneous emission of the EDFA.
Adapted from Ref. [220]. . . . . . . .. .. Lo
Comparison of serial and parallel filter architectures for channelization. (a)
Serial cascaded architecture for a PPER channelization filter. Because the
same pump light can be used for each device (i.e. because the PPER device
makes a copy of a narrowband slice of the input RF spectrum), minimal
signal degradation is experienced as the number of channels is increased. (b)
Architecture based on parallel RF filters. Note that because the signal must
be split equally among the channels, amplification is necessary to preserve

signal amplitude. . . . . .. .. L Lo
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5.1

5.2

Mode-selective directional couplers. (a) Top-down diagram of the di-
rectional coupler design showing the relevant device dimensions. Light inci-
dent in the fundamental symmetric mode of the wider waveguide remains in
the same waveguide mode. By contrast, light injected into the fundamental
mode of the narrow coupler waveguide is coupled into the higher-order anti-
symmetric mode of the wide waveguide. (b) FDTD simulation showing typi-
cal device dimensions and simulated power coupling into the anti-symmetric
mode of the wider waveguide. For the parameters of this simulation, 78% of
the injected light is coupled into the anti-symmetric spatial mode. Adapted
from Ref. [221]. . . . . o o
Mode multiplexer characterization (a) depicts schematics for a crosstalk
measurement. In the top panel, light injected into input port 1 with power
I is coupled into the symmetric mode with a small amount of light scattered
into the anti-symmetric mode. Most of the light is correctly de-multiplexed
into output port 1, but some light exits through port 2 due to modal crosstalk
in both the input and output couplers. Similarly, in the bottom panel light
coupled into input port 2 with power I is converted into the anti-symmetric
mode with a small amount of light coupled into in the symmetric mode.
This light propagates through the multimode waveguide before being de-
mulfiplexed at the output. (b) Typical power crosstalk spectra as a function
of input light wavelength for one device. The total crosstalk is calculated by

dividing the output powers of the two ports. Adapted from Ref. [221]. . . .
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5.3

5.4

Multimode optomechanical waveguide. (a) depicts a schematic of the
suspended multimode Brillouin-active waveguide. (b) plots a cross-sectional
scanning electron micrograph (SEM) of the device as-fabricated, with a scale
bar representing 500 nm. (c) plots a top-down SEM of the device showing
one suspended segment. The scale bar corresponds to 20 um in length.
(d) depicts a simplified view of the device cross section, with the dashed
region highlighted in (e)-(i); (e) Plots the relevant dimensions of the device
cross-section, with a variable total width w which is typically around 2.8
um. (f) and (g) plot the simulated z-directed electric field components for
the symmetric and anti-symmetric optical modes of the waveguide. The
interference between these modes drives an electrostrictive force distribution
plotted in (h). The displacement field of a ~6 GHz elastic mode which
couples strongly to this optical force is plotted in (i). (j) plots a top-down
view of a 14 um long device segment, with the longitudinal phase-matching
condition depicted on-top. This length corresponds to the phonon wavevector
g. The elastic displacement for the membrane (dark gray) and ridge (light
gray) regions is plotted in (k) over the same scale, showing one longitudinal
acoustic wavelength. The intensity beat note between the two optical modes
is plotted in (1). This beat note has the same wavelength as the phonon and
represents a visual demonstration of the phase-matching condition. (m)i-
iii plot the spatial distribution of the optical intensity at three slices of the
waveguide. Adapted from Ref. [221]. . . . . . ... ... .. L L.
Linear and nonlinear loss measurements for the multimode waveg-
uide. Panels (a) and (b) plot linear loss vs. ring resonator length for the
symmetric and anti-symmetric waveguide modes, respectively. Panels (c)
and (d) plot output vs. input power for these two modes. All measurements

are at A =~ 1550 nm. Adapted from Ref. [221]. . . . . . ... ... ... ...
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5.5 Operation scheme for on-chip stimulated inter-modal Brillouin scat-
tering. (a) diagrams the three modes which participate in the SIMS process,
including symmetric (blue) and anti-symmetric (red) optical modes and the
Brillouin-active elastic mode (gray). (b) depicts operation of the mode mul-
tiplexers which are here shown as a two-port “gray box.” Light incident in
port 1 is coupled into the symmetric waveguide mode, whereas light incident
in port 2 is coupled into the same waveguide’s anti-symmetric spatial mode.
(c) depicts stimulated inter-modal Brillouin energy transfer. Pump (blue)
and signal (red) waves are coupled into the symmetric and anti-symmetric
waveguide modes, respectively, of a Brillouin-active multimode waveguide.
As these waves traverse the device, energy transfers from the pump to the
signal wave (top). Afterwards, the two waves are demultiplexed through an
identical mode-selective coupler and may be routed elsewhere on-chip. (d)
and (e) depict phase-matching and energy conservation for Stokes and anti-
Stokes scattering processes, respectively. Each couples to a phonon with
a different wavevector, but nearly identical frequencies, as plotted in the
acoustic dispersion curve of (f). (g) and (h) sketch Feynman-like scattering
diagrams for Stokes and anti-Stokes processes. In the Stokes process (g),
an incident pump photon is converted to a red-shifted signal photon and a
phonon. In the anti-Stokes process (h), an incident pump photon annihilates

a phonon and is blue-shifted. Adapted from Ref. [221]. . . . .. .. ... ..
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5.6

5.7

Experimental observation of stimulated inter-modal Brillouin scat-
tering. (a) Diagram of the experimental apparatus used to study SIMS gain
and energy transfer. A pump laser around 1550 nm with frequency wp is
split into three paths—two are used to synthesize optical pump and probe
waves, while the third is used to synthesize a frequency-shifted reference field
at wp + A using an acousto-optic modulator. The pump wave (frequency wp)
is amplified through an erbium-doped fiber amplifier (EDFA), and the probe
wave wy, — (2 is optionally passed through a second EDFA (labeled EDFA2) to
boost the intensity of the probe wave for the energy transfer experiment. Af-
ter passing through the active device, the probe wave is coupled off-chip and
combined with the reference field for heterodyne detection. (b) Plots a SIMS
gain spectrum for pump-probe difference frequencies Q2 between 500 MHz and
9.5 GHz, showing several resonant gain features corresponding to Brillouin-
active elastic modes. The three highlighted dominant modes, labeled B1, B3,
and B6, have gain spectra plotted in more detail in corresponding insets. The
simulated frequencies of the Brillouin-active modes are plotted as violet cir-
cles along the abscissa. The rightmost inset shows the peak single-sideband
SIMS gain (red) for mode B6 as a function of increasing pump power, with
no observed anti-Stokes component (purple). The gain spectrum is included
diagrammatically between the data curves. Adapted from Ref. [221]. . . . .
Inter-modal Brillouin amplification. (a) Inter-modal Brillouin gain spec-
tra for mode B6 around 6 GHz, plotted for three different pump powers,
showing a narrowband (13 MHz) Brillouin resonance and 3.5 dB of optical
gain at the highest tested pump power. (b) plots peak gain (red) and linear
(gray) and total optical losses (green) as a function of pump power for this
Brillouin-active phonon, while (c) plots the calculated on-chip amplification,
obtained by subtracting total loss from Brillouin gain. The pump power

threshold for net amplification is 18 mW. Adapted from Ref. [221]. . . . . .
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5.8

5.9

5.10

5.11

Inter-modal gain and loss configurations. Four panels show experi-
mental results of inter-modal gain or attenuation for a probe signal in four-
different pump-probe configurations. The top two panels show Brillouin gain
of a red-shifted probe in anti-symmetric and symmetric modes, respectively,
while the bottom two panels show loss in a probe which is blue-detuned from
the pump by the Brillouin frequency. Adapted from Ref. [221]. . . . . ...
SIMS energy transfer. (a) plots representations of input and output spec-
tra demonstrating inter-modal energy transfer, showing pump-wave depletion
and Stokes-wave growth at the device output relative to their input ampli-
tudes. (b) plots experimentally-measured normalized pump and Stokes out-
put powers as a function of total power incident to a SIMS-active device.
Adapted from Ref. [221]. . . . . . . ... Lo
Comparison of SIMS and FSBS energy transfer dynamics. Stem
plots showing normalized output power spectra under two-tone driving for a
FSBS-active waveguide (a) and a SIMS-active waveguide (b). For both ex-
periments, the total incident power is equally divided by two incident waves
separated by the Brillouin frequency of the device (denoted by dark blue
arrows). While SIMS produces energy transfer only between fields at the
incident optical frequencies, FSBS leads to cascaded energy transfer to addi-
tional frequency lines. Adapted from Ref. [221]. . . . . . .. ... ... ...
Elastic modes of the SIMS-active silicon membrane waveguide. (a)
Simulated dispersion curves for the observed Brillouin-active elastic modes,
with the dominant modes B1, B3, and B6 highlighted and with their displace-
ment profiles plotted alongside. The vertical line labeled Ak(€2) corresponds
to the phonon wavevector determined through optical phase matching for the
Brillouin process. (b) Dispersion relations for all elastic modes over this fre-
quency/wavevector window. These modes are categorized according to their
dominant displacement profiles. Examples showing three different categories

of motion are plotted in subpanels (i)-(iii). Adapted from Ref. [221]. . . . .
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5.12

5.13

5.14

Lithographic tunability of the SIMS frequency. Measured (green) and

simulated (black line) Brillouin frequencies for the two elastic modes with

the largest Brillouin gain as device width is varied. Adapted from Ref. [221].

Dimension-induced broadening for SIMS. Diagram of the different de-
vice dimensions which may vary due to fabrication variations. The effect of
each on the Brillouin frequency shift is tabulated in Table 5.1. Adapted from
Ref. [221] « o o oo o e
SIMS silicon laser design. (a) Depicts a top-down view of the laser design
(not-to-scale). A racetrack resonator is composed of two cm-scale suspended
Brillouin-active segments. The laser cavity is accessed via a mode-selective
coupler which couples a bus waveguide strongly to the anti-symmetric spatial
mode of the resonator and weakly to the symmetric mode. This results in the
characteristic transmission spectrum of the multimode optical cavity plotted
in (b), where the narrow features result from the symmetric mode and the
broad features result from the strongly-coupled anti-symmetric mode. Note
that the free spectral ranges of the two modes are not identical, making it
relatively simple to find a wavelength where the pump-Stokes cavity mode
separation is equal to the Brillouin frequency, a necessary condition for strong
resonant enhancement. (c) and (d) plot diagrams of the device in the sus-
pended gain region (¢) and around the racetrack resonator bends (d), where

no acoustic guidance is supported. Adapted from Ref. [222]. . . . . . .. ..
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5.15 Observation of Brillouin laser oscillation. (a) depicts the experimental
apparatus used to measure Brillouin lasing. A continuous-wave pump laser
at frequency wyp is split into two paths; the first is amplified and coupled
on-chip, while the second is frequency-shifted using an acousto-optic modu-
lator to wp + 27 x 44 MHz. The pump and Stokes signal (Brillouin laser)
light at frequency ws are coupled off-chip and combined with the frequency-
shifted reference tone which acts as a local oscillator for heterodyne detection.
The combined waves are incident on a fast photo-receiver and the resulting
spectrum analyzed using a RF spectrum analyzer. (b) plots theoretical and
experimental output laser power vs. incident on-chip pump power, show-
ing a clear threshold around 11 mW. Intracavity powers are determined by
using the measured cavity spectra and measured input and output pow-
ers. (c) plots heterodyne spectra comparing the measured bandwidths of
spontaneously-scattered Stokes light from a linear waveguide and the output
beat-note between reference and silicon Brillouin laser light above threshold.

Adapted from Ref. [222]. . . . . . . .. L oL
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5.16 Linewidth measurements of the silicon Brillouin laser. (a) depicts a
simplified version of the standard heterodyne spectroscopy apparatus used
to measure the pump-Stokes excess phase noise—equivalent to the phonon
linewidth dv, below the lasing threshold. In this situation, the phonon
linewidth is given by the FWHM of the measured spectrum. (b) depicts a
modified sub-coherence heterodyne measurement used to probe the phonon
dynamics above threshold. In this experiment, an additional delay 74 is
added in one arm of the unbalanced interferometer, leading to the character-
istic spectral shape shown in blue. Here the phonon linewidth is determined
by measuring the contrast of interference fringes in the sub-coherence spec-
trum. (c) plots experimental measurements and theoretical calculations of
the phonon linewidth as a function of peak spectral density. Below threshold,
the standard heterodyne experiment is used (red dots), while above thresh-
old the sub-coherence measurement technique is used (blue dots). The error
bars on the blue dots represent 95% confidence intervals of fits to measured

spectra. Adapted from Ref. [222]. . . . . .. ... ... Lo oL



5.17 Spontaneous inter-modal Brillouin scattering. (a) Schematic depicting
spontaneous Brillouin scattering on-chip. Pump light (green) at frequency wp
is coupled through a mode multiplexer (M1) into the symmetric waveguide
mode. Through interactions with thermal phonons (gray) as it propagates
through the waveguide, light is scattered to anti-Stokes (blue) and Stokes
(red) sidebands guided in the anti-symmetric mode at frequencies wy £ Qp,
where Q, is the Brillouin-active phonon frequency of the device. These waves
are de-multiplexed into the two ports of an output mode multiplexer (M2).
(b) (i) Through this process, the Stokes scattering process is mediated by a
forward-moving phonon, resulting in light scattering to a red-detuned side-
band at frequency ws = wp — Q. The lifetime of these phonons can be de-
termined by measuring the spectral bandwidth of the scattered Stokes light.
(ii) (b) The anti-Stokes scattering process is mediated by a backward-moving
phonon, resulting in light scattering to a blue-detuned sideband at frequency
Was = wp + Q. The lifetime of these backward-propagating phonons can
be determined by measuring the spectral bandwidth of the scattered anti-
Stokes light. (c) and (d) depict phase-matching and energy conservation re-
quirements for Stokes and anti-Stokes scattering processes, which separately
determine the wavevectors gs and g¢as of phonons that mediate Stokes and
anti-Stokes processes. In these diagrams, these phonons produce scattering
between initial (open circle) and final (closed circle) optical states through
these processes. As plotted on the acoustic dispersion relation (e), these
phonons are nearly equal in frequency, and have wavevectors that are nearly
opposite in sign. (f) Because the anti-Stokes process annihilates thermal
phonons, it increases the effective damping rate of the phonons with which
the pump light interacts, resulting in a decrease in the phonon population
(n(q)) (cooling) for a narrow wavevector band around g,s. By contrast, the
Stokes process leads to phonon generation, resulting in effective heating of a
narrow wavevector band around ¢s. In this way, the incident laser field drives
the thermal phonon bath out of equilibrium, producing a net phonon flux.

Adapted from Ref. {223]. . . . . . . .. ...



5.18 Experimental observation of spontaneous Brillouin cooling. (a) Ex-

perimental diagram used to observe spontaneous Brillouin scattering. Pump
light at frequency wp is amplified and split into two paths; the bottom path
frequency-shifts the light using an acousto-optic modulator (AOM) to a ref-
erence frequency wy, + 2 x 44 MHz to act as a local oscillator for heterodyne
detection. In the top path, the intensity of pump light is controlled by an
erbium-doped fiber ampliﬁer (EDFA) and variable attenuator (VOA) before
being coupled on-chip. As it propagates through the Brillouin-active waveg-
uide, light scatters to anti-Stokes and Stokes sidebands at frequencies wqg
and wg, respectively, which are coupled off-chip and combined with the ref-
erence path for heterodyne detection in the microwave domain. (b) plots
measured Stokes and anti-Stokes spectra for several input pump powers. As
the pump power increases, the total scattering amplitude increases for both
sidebands, but clear asymmetries in height and linewidth are visible. (c) plots
the total integrated scattering efficiency ratio between Stokes and anti-Stokes
sidebands as a function of pump power in the waveguide. This corresponds
to the ratio in phonon occupation numbers (right side). (d) plots the mea-
sured dissipation rates as a function of average pump power, showing good
agreement with theory. At the highest pump powers of 40 mW, the temper-
ature of the anti-Stokes phonon is cooled over 30 K below room temperature
(right y-axis). (e) plots the peak spectral density of the scattered light for
both sidebands as a function of pump power. As the pump powers increase,
the measured spectral densities deviate from the values expected in the ab-
sence of symmetry-breaking between the two processes typical to intra-modal

forward-SBS (Ref. [233]). Adapted from Ref. [223]. . . . . . ... ... ...
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5.19 Wavevector-selective phonon spectroscopy. (a) diagrams the pump-

probe experimental diagram. A strong pump laser (frequency wf.?)) and
weak probe laser (frequency wl()l) ) are both incident within the optomechan-
ical silicon waveguide. Both pump and probe lasers scatter light through
spontaneous inter-modal Brillouin scattering. The pump laser cools a band
of phonon wavevectors, while the tunable probe laser has only a small ef-
fect on the thermodynamic properties of the system and is used to probe
the phonon population as a function of phonon wavevector. The scattered
sidebands from the probe laser are analyzed through heterodyne detection
referenced by frequency-shifted probe light at frequency wl(f) + 27 x 44 MHz.
The left panel of (b) shows the measured dissipation rate difference between
Stokes and anti-Stokes processes as a function of phonon wavevector, which
is selected by the probe wavelength. Each data point represents this dissipa-
tion rate asymmetry normalized to a pump power of 30 mW, as determined
by measurements of the dissipation rate over a series of ten different pump
powers. The theoretical trend from Eq. 5.12 (solid line) shows good agree-
ment with the measured data. Sub-panels (i)-(ii) on the right show sample
spectra corresponding to situations where the pump and probe waves are
phase-matched to scattering from the same phonon (i) and different phonon

bands (ii). Adapted from Ref. [223]. . . .. .. .. ... ... ... .....

xxxiii



6.1 Optomechanical silicon inter-band modulator. (a) plots an artistic rep-
resentation of the dual-core suspended waveguide, with the cross sectional di-
mensions diagrammed in (b) The two optical waveguide cores are designed to
be different in width by 4 to inhibit optical crosstalk. Each waveguide guides
fundamental (symmetric) and higher-order (anti-symmetric) optical spatial
modes, with FE, field distributions plotted in (c-f). The entire membrane
structure confines elastic waves due to the impedance mismatch between sil-
icon and air. The z-displacement field of one such mode that mediates inter-
band Brillouin coupling around a frequency of ~5.7 GHz is plotted in (g).
(h) diagrams the basic operation of the NIBS process. Two optical waves at
frequencies cul()l) and ws(l) guided in separate optical modes of the first ‘drive’
waveguide coherently excite an acoustic phonon at their difference frequency
Q through optical forces. Light injected into a second ‘modulator’ waveguide

at frequency wl(,z) is frequency-shifted to ws(2) = wr(,Q)

— ) and mode-converted
by this elastic wave through photoelastic coupling. The energy level diagram
for this process is shown in (i). (j-k) depict the propagation of light within
the modulator waveguide. In the forward direction, light is mode-converted

and frequency-shifted through NIBS. In the backward direction, light passes
through the device unaffected. Adapted from Ref. [224]. . . .. .. ... .. 166
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6.2 Phase-matching and operation scheme of the NIBS modulator. (a)
shows the operation of two-port mode multiplexers which couple to the sym-
metric and anti-symmetric optical waveguide modes. (b) plots the disper-
sion relation of the NIBS-active acoustic phonon. (c) Two strong optical
waves in the drive waveguide generate an acoustic phonon through SIMS.
(d) plots phase-matching and energy conservation for this process, where the
phonon (green) couples light between initial (open circle) and final (filled
circle) states. (e-f) depict the propagation of light in the modulator waveg-
uide. In forward operation, light injected into port pl of M3 (shorthand
M3pl) experiences acousto-optic modulation and mode conversion, exiting
through port p2 of M4 (M4p2). Light injected in the backward direction
through M4p2 passes through the device unaffected and exits through M3p2.
(g) shows the phase-matching diagrams for forward (right) and backward
propagation (left). In the forward direction, the phonon is phase-matched
to an inter-band photonic transition. However, in the backward direction a
nonreciprocal wavevector mismatch Agy, prohibits inter-band coupling. (h)
depicts the effects of optical dispersion. In the forward direction, detuning
the probe frequency from its phase-matched value ws results in a wavevec-
tor walkoff Agpm due to the differing group velocities of the optical modes,
leading to a finite operation bandwidth. However, this effect may also cancel
Aqnr to produce phase-matched NIBS in the backward direction at wy. The

resulting transmission spectra are plotted in (i). Adapted from Ref. [224]. . 168
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6.3 Experimental demonstration of nonreciprocal modulation. (a) Ex-
perimental setup: two optical drive waves separated by the modulation fre-
quency 2 are synthesized from the same laser using an intensity modulator,
and are amplified and injected into distinct modes of the drive waveguide
through separate ports of mode multiplexer M1. Probe light from a sep-
arate laser is split into two paths; in the first path, light is injected into
the modulator waveguide in either propagation direction (forward propaga-
tion shown here) and mode-converted light is collected at the output. This
light is combined with a frequency-shifted local oscillator and incident on a
photodiode for heterodyne spectral analysis. (b) Measured modulation ef-
ficiency as a function of ) for one device, revealing strong NIBS coupling
through an elastic wave around a frequency Qp/27 = 5.7 GHz. Hereafter,
Q is fixed to Op. (c) plots the Stokes modulation efficiency for forward- and
backward-propagating probe light as a function of probe wavelength, demon-
strating nonreciprocal transmission. (d) Zoomed-in plots for three different
devices showing broadband modulation and significant nonreciprocal con-
trast. The three panels correspond to waveguide width asymmetries of § =
5,10,15 nm, changing the center modulation wavelength relative to the pump
wavelength. (e) Spectrum of scattered light, showing single-sideband modu-
lation. The residual anti-Stokes-shifted light at +2 is due to a small amount
of crosstalk during mode multiplexing. (f) Optical tuning of the nonrecip-
rocal modulation response. The drive wavelength is tuned from 1530 nm to
1565 nm, permitting a corresponding shift in the probe response. Adapted
from Ref. [224]. . . . . . . . .
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6.4

6.5

6.6

Anti-Stokes NIBS modulation. (a-b) depict the device operation scheme
and energy level diagram in analogy to Fig. 1 of the main article. (a) shows
an illustration of nonlocal interband Brillouin scattering for the anti-Stokes
process. While the phonon emission is unchanged from the text, light is in-
cident in the anti-symmetric mode of the modulator waveguide. The phonon
blue-shifts and mode converts this light as it traverses the device. (b) plots
the energy level diagram for this nonlocal coherent anti-Stokes Brillouin scat-
tering process. (c) shows the anti-Stokes modulation response for light prop-
agating in both directions through the modulator waveguide as a function of
probe wavelength. (d) plots the corresponding output spectrum relative to a
single optical incident field for a wavelength of 1548.3 nm. (e-f) plot data for
the Stokes process in the same device for comparison. (e) plots the forward-
backward Stokes modulation response, while (f) plots the output spectrum
at a probe wavelength of 1548.3 nm. Adapted from Ref. [224].. . . . . . .
Phase-mismatched NIBS response. Frequency response of one silicon
NIBS modulator device four four different probe wavelengths, and hence
wavevector mismatches. (a) A, = 1544.1 nm, Ag = —1422 m™! (b) A, =
1548.4 nm, Ag = 0 m~! (“phase-matched”) (c) A, = 1549.3 nm, Aq =
297 m~! (d) A\p = 1549.7 nm, Ag = 428 m~!. These different lineshape
behaviors result from position-dependent changes in device dimensions, and
hence optical and acoustic propagation. Adapted from Ref. [224]. . . . . . .
Experimental modulation efficiency. NIBS modulation efficiency for
one device as a function of incident drive-waveguide power. Adapted from

Ref. [224]. . . . . . o e
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6.7 NIBS modulation within the scattering matrix formulation. (a-d)

6.8

show the output wave amplitudes at each port corresponding to light incident
in each port of the four-port modulator waveguide. In (a-b), significant
mode conversion is achieved in the forward direction (n? ~ 1), while in the
backward direction light propagates through the device with only a small
amount being mode-converted (nﬁ < 1). (e) shows one potential approach to
construct a frequency-neutral acousto-optic isolator based on serial cascading
of two NIBS modulators. Adapted from Ref. [224]. . . .. ... .. ... ..
Dispersion engineering and the phase-matching bandwidth. (a)
shows the relevant cross-sectional dimensions of a ridge waveguide used to
construct the silicon NIBS modulator, and the simulated z-component of
the electric field for the symmetric and anti-symmetric optical modes. (b)
Calculated normalized transmission as a function of wavelength shows the
expected sinc-squared response in the forward and backward directions. (c)
An alternative ridge waveguide design with reduced ridge dimensions and
angled sidewalls, resulting in a tenfold reduction in the difference of group
indexes. (d) Calculated normalized transmission of a NIBS process using
waveguides shown in (c). The reduction of An, increases the bandwidth by

a factor of ten. Adapted from Ref. [224]. . . . . . . ... ... ... ...
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B.1

B.2

Suspended silicon membrane waveguide fabrication. (a) Diagram of
the SOI wafer cross-section as-received. (b) depicts the wafer after HSQ
resist is spun on the surface. (c) e-beam lithography defines the waveguide
pattern layer. After development of the exposed layer and etching, these
patterns are transferred to the silicon layer through Cl, reactive ion etching,
shown in (d). (e) shows the cross-section when a second positive resist is spun
on top of the processed wafer. (f) A second electron beam lithography and
development step defines patterns for the slot features. (g) These features
are etched through the silicon top layer through a second Clg dry etch step.
(h) depicts the final structure after wet-etching in HF. Image credit: Heedeuk

Shin and Eric Kittlaus. . . . . . . . . . e e e

Input coupling for SOI waveguides using grating couplers. (a) shows
a schematic of an optical fiber aligned to an integrated grating coupler, with
relevant grating dimensions: pitch A, etch depth d, and filling factor f(z).
(b) close-up SEM of a fabricated grating coupler, with an apodized filling
factor (c) depicts stitched-together SEMs showing the entire input coupler
region of a SOI ridge waveguide (d) and (e) show sample transmission data for
waveguides interfaced with two apodized grating couplers (d) or two grating
couplers with a constant fill factor (e). . . . . . ... ... ... ...
Experimental setup for coupling light into integrated optical waveg-
uides. (a) shows an early two-port setup where optical fibers are aligned to
the surface of an SOI chip using mechanical translation and rotation stages.
An optical imaging system allows alignment of the fibers to integrated grat-
ing couplers with micron-scale position, as shown in (b). (c) pictures an
alignment setup for characterizing devices with eight total ports. An inset is
expanded in (d), showing the region where light is coupled on- and off-chip

using optical fiber arrays. . . . . . . ... . Lo
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Chapter 1

Introduction

1.1 First Observations of Brillouin Scattering

When light passes through a material, some part of it may be scattered via its interaction
with the medium’s polarizability. Under typical circumstances, most light is scattered
elastically and no energy is exchanged with the material. This elastic scattering process,
studied by Lord Rayleigh in the late 19th century, is now commonly referred to as Rayleigh
scattering [1-3]. Such processes are responsible to phenomena ranging from the blue color of
the daytime sky [1] to the dominant source of scattering losses from local density variations
in glass optical fibers [4, 5].

Light may also scatter inelastically, exchanging energy with a material’s internal mo-
tional degrees of freedom. It was predicted as early as 1919 that light should be Doppler-
shifted by the thermal motion of particles within a medium [6-8]. In other words, even a
perfect material is neither homogeneous nor in equilibrium due to the presence thermal vi-
brations, and interactions with its moving component particles could lead to small spectral
shifts of the scattered light. This effect was reported by C.V. Raman in a 1922 letter [9], and
possibly explained results of earlier experiments by Rayleigh [10]. Subsequent experiments
by Raman and others revealed the inelastic scattering of light due to molecular vibrations
in the late 1920s [11-16], leading to the discovery of the eponymous Raman effect.

That light could also scatter from traveling elastic waves was first suggested by Brillouin

[17] and Mandelstam [18] in the 1920s, and this theory expanded upon by Debye [19]. Due



to the much smaller (~GHz) Doppler shift associated with these waves as compared to
intramolecular vibrations (~THz), experimental observation of this effect was very difficult.
The first evidence of light scattering from elastic waves was published in 1930 [20], with
more definitive experiments showing photographically-resolved Brillouin scattering in 1932
[21] and thereafter [22,23]. Subsequent experiments with more sophisticated measurement
techniques used the detection of Brillouin scattering components to measure the elastic
properties of liquids [24] and crystals [25]. However, the flexibility of these measurements

as a spectroscopy tool was limited due to the lack of bright, narrowband light sources.

1.2 Discovery of Stimulated Light Scattering

The invention of the maser [26,27] and laser [28,29] allowed the creation of narrowband,
highly-coherent electromagnetic radiation. These new devices became the enabling tech-
nology for nonlinear optics and revolutionized spectroscopy by providing intense, highly-
customizable light sources.

These advances also led to the observation of ‘stimulated’ light scattering for the first
time: Rather than simply acting as a passive, linear process, inelastic light scattering could
be used to mediate nonlinear optical energy transfer. The first manifestation of stimulated
light scattering occurred in 1962, when a strong frequency-shifted signal was seen from a
Q-switched ruby laser [30]. It was observed that this frequency shift matched the Raman
shift of the nitrobenzene Kerr cell used to mediate Q-switching. Further analysis revealed
that the Raman effect in this material was creating optical gain, an effect later reported in
many other organic liquids [31], and studied theoretically [32].

Observations of cascaded Stokes and anti-Stokes Raman scattering [33] led to the under-
standing of SRS as a process which drives coherent molecular vibrations (optical phonons)
[34], and the realization that the same should be possible with scattering from acoustic
phonons [35]. These conclusions resulted in the experimental demonstration of stimulated
Brillouin scattering (SBS) from maser sources in crystals [36] and by laser light in lig-
uids [37-39].

Subsequent theoretical and experimental work explored the photoelastic coupling mech-



anism, temporal dynamics, and spectroscopic applications of SBS [40-55]. Brillouin lasing
was also demonstrated in liquids [40,56-58] shortly after the initial demonstration of SBS,
and later in gas cells [59]. Much of this work seems to be overlooked in the modern literature,
which tends to focus on later fiber-optic-based Brillouin lasers.

An interesting application of Brillouin lasing within bulk geometries that was immedi-
ately identified was the ability to tune the Brillouin frequency shift as a function of angle
between pump light and the laser cavity [40]. This results from the phase-matching con-
dition for SBS, and may be used to fine-tune the frequency of the Brillouin laser output
relative to that of the pump.

In 1972, it was observed that backward SBS is a phase-conjugate process, so that the
back-reflected light retraces the path of the incident light [60]. This effect was later stud-
ied theoretically [61,62], and used for applications including the correction of wavefront

aberrations [63, 64], phase-conjugate mirrors [65-67], and beam combining [68-70].

1.3 Stimulated Brillouin Scattering In Optical Fibers

The development of low-loss optical fiber in the 1970s [71-74] revolutionized not only the
field of optical communications, but also brought about the new field of nonlinear fiber optics
[75]. In contrast to bulk nonlinear optical experiments, where light either interacts only over
several diffraction lengths, or must be confined within an optical cavity, optical waveguiding
by total internal reflection permitted low-loss guidance of light within a microscale fiber core
over kilometer lengths. These long interaction lengths make optical fiber one of the most

nonlinear optical devices available to this day.

1.3.1 First Observations and SBS as a Power-handling Limit

Optical fiber also became a natural place to study Raman and Brillouin interactions. How-
ever, rather than being viewed as a potential tool for creating amplifiers and lasers, SBS was
understood to represent a fundamental power handling limit [76]; assuming that strong Bril-
louin scattering occurred over suflicient interaction lengths, spontaneously-scattered light

could initiate stimulated Brillouin scattering as it traversed the fiber, leading to depletion of



input signal light. This prediction was especially troubling since narrow-linewidth sources,
which do not suffer from excessive chromatic dispersion and are therefore useful for optical
communications, have spectral bandwidths narrower than that of the Brillouin response,
and as a result have very low power thresholds for SBS to occur.

The first demonstration of SBS in fiber optics was reported in 1972 by Ippen and Stolen
[77] using a pulsed xenon laser source with a bandwidth of ~100 MHz, comparable to
the spontaneous Brillouin linewidth in bulk quartz [54]. This research revealed a Brillouin
threshold around 1 W at visible wavelengths, corresponding to threshold powers on the
order of 40 mW at near-IR wavelengths, representing a limit to optical power capacity.
Further research showed that the SBS threshold could be as low as a few mW for coherent
laser excitation in long, low-loss fibers 78, 79].

Suppression of SBS in optical fibers subsequently became an active area of research.
Early experiments explored suppression using phase- and amplitude-modulation schemes
[80, 81] and straining of the fiber within cables to broaden the Brillouin resonance [82].
Further work investigated varying the fiber core radius along its length [83], nonuniform
doping of the fiber core [84], and the use of optical isolators to eliminate back-scattered

light [85]. Research on SBS suppression continues to this day [86-90].

1.3.2 Fiber Brillouin Lasers

Simultaneously, research also examined how SBS could be harnessed for useful operations
within this new system. The long interaction lengths and low losses of fiber optics make
them a natural platform for nonlinear optics, and in particular Brillouin lasers.

The first continuous-wave Brillouin laser utilizing optical fiber within a ring cavity was
reported in 1976 using a visible argon-ion laser as a pump [91]. The development of low-
loss fiber-optic directional couplers [92,93] allowed the creation of ultrahigh-@ fiber ring
resonators suitable for low-threshold lasers [94]. Such an all-fiber Brillouin ring laser was
demonstrated in 1982 with a 0.5 mW pump threshold at 632 nm [94].

One potential application of low-threshold Brillouin lasers was the use of cascaded Bril-
louin lasing within a high-@Q ring cavity for inertial sensing [95], by initiating lasing in

counter-propagating directions within a Sagnac loop. This capability is possible because, in



contrast to conventional gain media which provide equal amplification in both propagation
direction, backward SBS gain is mediated by traveling-wave phonons which couple to single
pairs of counterpropagating pump and signal waves without gain competition. However, at
the time low polarization stability and relatively low-Q ring cavities prevented the obser-
vation of the gyro effect. This effect was finally demonstrated using bidirectional Brillouin
lasing in 1991 [96].

Brillouin lasers are notable for producing highly-coherent laser oscillation as compared
to the input pump light. Optimization of fiber Brillouin lasers with active stabilization
demonstrated linewidths below 100 kHz [97] in 1981. Further improvements in stabilization

schemes allowed sub-kHz operation limited by only by environmental control [98].

1.3.3 Fiber Brillouin Amplifiers

While the potential of SBS for stimulated amplification was studied as early as 1968 [53],
practical use of this effect was challenging due to the difficulties of precisely measuring
the Brillouin gain spectrum and synthesizing suitable pumps. One early application of
stimulated backward light scattering was for pulse compression [99]. In the 1980s, SBS in
gas cells was used for subnanosecond pulse generation [100] and pulse amplification [101].
The first fiber Brillouin amplifier was demonstrated in 1986, achieving net gain in a
37.5-km fiber [102]. This application of SBS was particularly interesting since Raman and
Brillouin amplification provide a potential means to increase signal propagation lengths
without expensive repeater systems. A potential limitation of SBS amplification is its
relatively narrow bandwidth (10-100 MHz in fibers), which limits signal bandwidth. By
utilizing a modulated pump laser, it was demonstrated that the Brillouin bandwidth can

be controllably increased, at the expense of the overall optical gain strength [103].

1.3.4 Brillouin-based Sensing

Beyond applications for optical amplification and lasing, Brillouin scattering in optical
fibers enables distributed sensing of strain and temperature. This technique results from
the fact that the Brillouin frequency shift is very sensitive to changes in these parameters—

therefore, if the temperature or strain gradient changes along the length of a fiber, this



leads to a position-dependent Brillouin frequency shift. Because BSBS scatters light in
the backward direction, time-of-flight resolution between incident and back-scattered light
permits localization of the scattered signal.

This approach was first experimentally demonstrated in 1989 [104]. Since then, a
tremendous amount of work has been carried out on this topic [105-137], demonstrating
capabilities such as dynamic operation, simultaneous strain and temperature measurement,
100 km sensing range, and km-range sensing with sub-cm resolution.

These approaches generally fall into one of three groups. Brillouin optical time-domain
reflectometry (BOTDR) uses unidirectional access to a fiber and measures spontaneous
back-scattering along its length. Brillouin optical time-domain analysis (BOTDA) uses
counterpropagating pump and probe waves to measure the Brillouin response of the fiber.
BOTDA is limited to ~1 meter resolutions by the acoustic lifetime, since shorter pulses
necessary for greater signal localization broaden the Brillouin gain spectrum, reducing the
scattered signal and decreasing sensitivity to Brillouin line shifts. Brillouin optical corre-
lation domain analysis (BOCDA) utilizes counterpropagating waves which are relatively
coherent (and thus couple through SBS) only at a scannable point (or set of points) along
the fiber. This approach achieves considerably better spatial resolution than BOTDA.
However, these correlation-domain techniques have a lower signal-to-noise ratio (and equiv-
alently require much longer integration times) resulting from necessary post-processing and
wide modulation bandwidths (which broaden the effective gain spectrum) that are used to

achieve high spatial resolution.

1.3.5 Brillouin Dynamic Gratings

In the backward-SBS process, counterpropagating pump and Stokes waves coherently drive
a longitudinal traveling elastic wave. This acoustic phonon acts as a Bragg grating that
back-reflects pump light into the Stokes wave, while Stokes light passes through unaffected
due to the relative phase between elastic and Stokes waves. In this sense, SBS provides
a method to create dynamically reconfigurable Bragg reflectors within optical fiber. This
technique, commonly referred to as a Brillouin dynamic grating (BDG or DBG), has been

studied over the past decade [138,139] with applications including tunable filters [140,141],



distributed sensing [142], tunable time delay [143], and optical signal processing [144, 145].

Typically, a BDG is written with pump and Stokes waves propagating along one axis of a
polarization maintaining fiber (PMF). This grating is then used to reflect signal light guided
in the other polarization, avoiding crosstalk between drive and signal waves. As the fiber
length, and hence grating length increases, the peak reflectivity increases while the grating
bandwidth decreases, as would be expected from a traditional Bragg reflector. Beyond PMF,
work has also been done to demonstrate a BDG in conventional single-mode fiber [146],
although much lower scattering efficiency is observed than is theoretically predicted. Some

work has also been done to adapt these concepts to chip-scale architectures [147].

1.4 Brillouin-based Signal Processing

Because SBS allows for highly-selective gain and loss, as well as dynamic tunability and
reconfigurability of the gain spectrum, it is a natural tool for optical and microwave signal
processing. As early as the early 1990s, SBS was recognized as a powerful method for
microwave frequency synthesis [148] and signal processing [149-151]. In 1991, Culverhouse
et al. demonstrated that by combining pump and Brillouin laser light on a photodiode, the
resulting microwave beat note at the Brillouin frequency is driven with high efficiency [148].
Later work on frequency synthesis explored Brillouin-based optoelectronic oscillators [152,
153], fiber-based synthesizers [154,155] including tunable microwave sources at frequencies
greater than 100 GHz [156], and microchip-based technologies [157,158].

Beyond its utility for microwave synthesis, SBS has also been used for creating tun-
able optical and microwave photonic filters [159-163]. In contrast to all-optical filters,
SBS is particularly useful because it allows narrowband (kHz-MHz) filtering without the
use of optical resonators that experience signal distortion at moderate powers, and is also
bandwidth-tunable through pump modulation [160,161]. Recent work has demonstrated
potential for high-performance chip-based Brillouin filtering of microwave signals [164—166]
for use within integrated systems.

The narrow bandwidth and strong gain of SBS allows for a strong dispersive response

about the Brillouin frequency. This effect was harnessed to demonstrate slow light and time



delay within an optical fiber [167], representing a practical advance over previous schemes
for slow light which utilized ultracold atoms [168] or gain crystals [169,170]. However, while
SBS is strong compared to other optical nonlinearities, it is still a relatively weak effect in
most fibers, so the optical group index changes demonstrated via SBS are much smaller than
those possible with coherent electronic effects. Nonetheless, since it can be achieved with
commercial telecommunications equipment, SBS-based slow light remains a technologically-
relevant operation for all-optical time delay [171-173]. Alternately, optical pulse storage can
be achieved by converting light to and from the phononic domain, provided the storage time

is smaller than the lifetime of the elastic wave [174].

1.5 Forward and Inter-modal Brillouin Scattering in Optical

Fibers

Because elastic dispersion bands are much flatter than those of optical waves (i.e. sound
travels more slowly than light), in bulk systems sound cannot phase-match to a Brillouin
scattering process between two optical frequencies on the same dispersion branch. As a
result, SBS was traditionally studied in backward scattering or off-axis geometries to satisfy
phase-matching between optical and elastic waves. However, within systems which possess
either multiple optical modes or transverse acoustic guidance, Brillouin scattering in the
forward direction becomes possible.

Forward Brillouin scattering was first reported in 1985 by Shelby et al. [175,176]. In this
process, the radial ‘breathing’ elastic modes of an optical fiber with near-zero wavevector
produce spontaneous light scattering from a bright pump in the form of additional optical
phase noise [177]. At the time, this process was seen as a source of noise in quantum
experiments [178].

Inter-modal forward Brillouin scattering was first observed within a dual-mode optical
fiber by Russell et al. in 1990 [179]. In this forward-scattering process, the elastic mode
now has a finite wavevector (and substantial group velocity) to satisfy phase-matching
for light scattering between two optical modes with different wavevectors. Although the

overlap between photonic and phononic modes was weak within the fiber optic waveguide,



the thresholds for backward SBS and inter-modal SBS were nearly identical. This can be
understood as resulting from the very low Brillouin frequency for inter-modal scattering (17
MHz) and resulting larger elastic wave compliance and lifetimes, which directly increase the
Brillouin coupling. Further increases in phononic lifetimes were predicted to permit new
regimes of Brillouin dynamics where energy could coherently transfer between optical and
elastic fields [180].

The development of microstructured photonic crystal fibers (PCF) [181,182] allowed for
new degrees of control over Brillouin scattering through tailoring of the overlap between
light and sound waves [183-185]. Such systems permitted considerable increases in the
coupling strength of forward intra~ and inter-modal Brillouin scattering by providing tight
lateral confinement of elastic waves. In the context of intra-modal forward SBS (FSBS),
this allowed strong energy transfer from injected pump and Stokes waves to many cascaded
Stokes and anti-Stokes orders [186]. These dynamics are possible since, in contrast to other
forms of SBS, in FSBS both Stokes (red-shifting) and anti-Stokes (blue-shifting) scattering
processes are mediated though coupling to the same phonon mode and hence have an
intrinsic symmetry. Through these experiments, when 500 mW of light was injected into
two tones separated by the FSBS frequency, 14 optical frequency lines spaced in increments
of 1.83 GHz were observed through 10 m of PCF [186].

By contrast, inter-band Brillouin interactions, like BSBS (which scatters light between
forward- and backward- propagating dispersion bands), couple only two optical waves.
Within photonic crystal fibers, stimulated inter-polarization Brillouin scattering (SIPS),
which is a form of inter-modal coupling, was used to demonstrate near-complete optical
energy transfer between two optical fields separated by 1.5 GHz [187]. For this experiment,
a total of 300 mW of guided-wave input power was incident in a PCF 15 m in length. Be-
cause SIPS couples co-propagating optical waves to produce stimulated energy transfer, it is
intrinsically nonreciprocal—in the presence of one strong wave, a second frequency-matched
wave experiences optical energy transfer only when it travels in the same direction. This
technique was used to produce a switchable opto-acoustic isolator in PCF by driving unidi-
rectional depletion of incident light at the Brillouin frequency [188]. While the bandwidth

of this isolator was limited to that of the Brillouin gain (7 MHz), utilizing separate waves



to drive the acoustic wave would allow dramatic improvement of the operating bandwidth

for isolator technologies of this type.

1.6 Light-sound Coupling at the Nanoscale

The realization of tailorable Brillouin scattering within microstructured fibers marked the
beginning of a revolution of SBS applications within microscale systems such as whispering-
gallery-mode (WGM) resonators [189] microspheres [190] and wedge resonators [191], suspended-
core fibers [192,193], and nanoscale waveguides [165,194-197]. Within these systems, the
strength and character of Brillouin interactions can be shaped through device geometry
allowing radical enhancement [195] or complete self-cancellation [198] of these effects. By
controlling interactions between phononic and photonic waves at the mesoscale, a variety
of technologies including ultralow-noise Brillouin lasers [189,199,200], microwave synthesiz-
ers [157,158] and signal processing technologies [164,165,201-203], and novel optomechanical

systems [190,204-211] become available.

1.6.1 SBS within Whispering-gallery-mode Resonators

Fiber ring resonators proved very useful as a platform for creating Brillouin lasers [94]
due to their ability to provide large interaction lengths with low intrinsic losses. These
lasers admitted a variety of applications including narrow-linewidth laser oscillation [97,98],
inertial sensing [95,96], and microwave frequency synthesis [148]. The ultimate performance
of Brillouin laser systems is limited by environmental stability, which is difficult to precisely
control in meter-scale fiber optic systems.

The development of high quality factor (Q) optical microresonators presents an alter-
native paradigm to achieving low-threshold Brillouin laser oscillation within stable micro-
fabricated systems [212]. Brillouin lasing with only a 3 pW threshold was observed in
micromachined, highly-multimode calcium fluoride resonators [189]. Within these single-
crystal resonators, the Brillouin frequency is direction-dependent, although this effect was
weakest for the longitudinal phonon mode used to mediate Brillouin lasing. Within amor-

phous material systems, microcavity Brillouin lasers have been used to produce ultra-stable
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oscillators [213] and Hz-absolute linewidth laser operation [214] ultimately limited by ther-
morefractive noise within the resonator itself.

An alternate approach to producing high-@Q microresonators is based on lithographically-
defined silica-on-silicon wedge resonators [191]. In contrast to micromachined WGM de-
vices, these structures are fabricated on-chip, allowing for inexpensive and scalable fab-
rication, and may be designed from millimeter to centimeter scales. This last point is
especially important since, at the time, fabrication of large microcavity resonators with
free-spectral ranges small enough to match the Brillouin frequency shift (a necessary con-
dition for Brillouin lasing) was very difficult. (While Brillouin lasing had been observed in
highly-multimode resonators [189], the presence of many mode families may be undesirable.)
In the largest tested wedge resonator devices, @-factors nearing 1 billion were achieved, and
controllable single-transverse-mode Brillouin lasing was achieved at thresholds below 200
uW. These resonators were subsequently used for applications including narrow-linewidth
lasing, microwave frequency synthesis [157], and gyroscopes [215]. In other words, these
resonators provide a powerful platform which has adapted many previously-studied ap-
plications of Brillouin fiber lasers to on-chip implementations. The recent demonstration
of these high-Q resonators fabricated with silicon nitride bus waveguides may allow these
technologies to be adapted within integrated photonic circuits [216].

In addition to the considerable work being done to adapt BSBS-based lasers to millimeter-
scale resonators, concurrent work sought to explore optomechanical coupling through SBS
within smaller microscale resonator devices which laterally confine both light and sound
waves [204]. In contrast to radiation-pressure-based cavity-optomechanical systems [217],
these devices utilize electrostrictively-mediated coupling between distinct optical modes.
Through forward inter-modal SBS, silica microsphere and microtoroid resonators have
demonstrated optomechanical self-oscillation [204], cooling and heating of phonon modes
[205], and SBS-based optomechanically-induced transparency and nonreciprocal light trans-

mission [207-211].
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1.6.2 SBS in Nanoscale Waveguides

Photonic crystal fibers and other microscale systems demonstrated the capability to en-
hance SBS by shrinking optical and acoustic mode sizes. However, even within small-core
fiber systems, interaction lengths of many meters are necessary for appreciable Brillouin
coupling to occur. Nonetheless, these inventions showed the potential for strong Brillouin
interactions, which may be adapted to integrated waveguide systems. This prospect is es-
pecially intriguing since, ultimately, the impact of many Brillouin-based signal-processing
technologies is contingent on scalability, and their ability to be economically integrated
within complex photonic microsystems.

Interestingly, it turns out that, as optomechanical waveguide core sizes are shrunk to
wavelength-scale dimensions, Brillouin coupling strengths become enhanced beyond what
is predicted from traditional SBS theory [195]. The reasons for this increase are twofold.
First, due to the decreased modal areas of both light and sound waves, their combined in-
teraction strength is greatly enhanced, particularly in the case of forward-SBS interactions.
Second, within many waveguide systems, Brillouin coupling due to boundary-induced radi-
ation pressure becomes significant (comparable to or exceeding that due to electrostriction)
and may coherently add to the electrostrictive interaction. These effects were predicted to
create both forward- and backward-SBS couplings within suspended silicon nanowires that
were many orders of magnitude (10%-10° times) greater than those in optical fibers [195].
The potential for strong SBS within silicon waveguides is particularly intriguing due to
silicon’s mature fabrication infrastructure, and the potential integration of electronic and
optical/optomechancial devices on the same chip. Furthermore, SBS offers a path to create
strong and tailorable optical nonlinearities in silicon, despite its relatively limited active
optical properties (e.g. silicon lacks a xo nonlinearity). More generally, strong Brillouin
interactions within integrated photonic waveguides open the door to an array of on-chip
SBS-based signal processing and nonlinear optical applications.

Stimulated Brillouin scattering in integrated waveguides was first demonstrated in 2011
within micron-scale AsySs ridge waveguides [194]. This work utilized both the large pho-

toelastic coupling of chalcogenide glasses and the elastic-wave guidance of these waveguides
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within silica claddings to achieve backward-SBS gain coefficients in excess of 200 W~'m™1;
these numbers are roughly three orders of magnitude greater than those for silica fibers.
Net optical amplification of around 10 dB was demonstrated, even with relatively high
waveguide losses of around 6 dB.

Despite significant work toward developing silicon as an integrated photonic platform,
SBS in silicon waveguides was not previously observed. This absence of SBS in traditional
silicon-on-insulator waveguides results from silicon’s relatively weak photoelastic response
in the longitudinal direction (i.e. BSBS is intrinsically weak in silicon). Furthermore, in
silicon-on-insulator waveguides, elastic waves are not guided in the silicon core, stifling SBS
interactions.

In order to observe strong SBS in integrated silicon waveguides, it was necessary to
remove the silica substrate to facilitate the guidance of phonons. This technique was
used in 2013 to observe SBS in silicon waveguides for the first time [196]. In this study,
nanoscale silicon optical waveguide cores were embedded within a silicon nitride mem-
brane, with phononic slot mirrors patterned in the membrane to provide transverse acous-
tic confinement. Within this structure, Brillouin gains Gg > 2000 W m™! were demon-
strated through forward-SBS (FSBS) interactions. Subsequent works demonstrated silicon
nanopillar [197] and suspended nanowire [218] waveguides with increased nonlinearities up
to Gg = 10* W—Im~1,

However, despite the realization of record-high nonlinearities in silicon, modest optical
power handling, combined with high linear and nonlinear losses in these structures, pre-
vented the demonstration of appreciable Brillouin amplification in these structures. As
such, it remained unclear whether these interactions could be used to create silicon-based
Brillouin amplifiers and lasers.

Furthermore, FSBS produces dynamics that differ from those of the traditionally-studied
backward-SBS process, necessitating further effort to design and implement new FSBS-
based signal processing operations. In particular, while BSBS couples only two counter-
propagating optical waves, FSBS can couple to many optical tones through interactions
with the same acoustic phonon. As a result, FSBS does not produce single-sideband gain,

but rather an unusual form of dual-sideband gain, making it nontrivial to adapt the wide ar-
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ray of established BSBS-based technologies for Brillouin-enabled signal processing to silicon
photonic systems.

As the field explores possibilities for harnessing FSBS, one avenue which has shown early
promise for silicon Brillouin photonics is the creation of chip-based microwave-photonic
filters [165,166,202]. In particular, because FSBS interacts through transversely-confined
phonons, by coupling multiple optical waveguides to the same phonon mode, new hybrid
photonic/phononic signal processing architectures become available. In a 2015 paper by
Shin et al. [165], band-pass filter responses with ultra-narrow 3 MHz-bandwidths were
demonstrated through this method, with steep rolloffs and >60 dB out-of-band rejection.
Future work may implement these filter functions within fully-integrated signal processing

circuits.

1.7 Outlook and Summary of Dissertation

Building on the recent demonstration of strong Brillouin nonlinearities in chalcogenide (Pant
et al., 2011 [194]) and silicon waveguides (Shin et al., 2013 [196]), we are only beginning
to explore and understand the possibilities for integrated Brillouin photonics. Nonetheless,
these and other advances paint a promising picture for the potential impact of Brillouin-
based signal processing technologies within integrated optical waveguides. Coupled with
rapidly-advancing technologies for on-chip optical circuits, light sources, modulators, detec-
tors, and other components, SBS may enable a wide array of new chip-based optical and
optomechanical technologies.

In this dissertation, we report several recent advances which further expand the toolkit
of chip-based optics through Brillouin interactions. These new capabilities represent a sig-
nificant step toward the realization of flexible photonic-phononic devices within integrated
optical circuits.

This dissertation is structured as follows:

o In Chapter 2, we describe the origins and theoretical behavior of stimulated Brillouin
scattering, with a focus on guided-wave systems. We begin by studying the coupling

mechanisms necessary for SBS, and the essential conditions for strong SBS to occur.
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Next, we derive the dynamics for three different SBS processes in optomechanical
waveguides: backward SBS, forward-SBS, and inter-modal SBS. Finally, we compare

the spatial character of these couplings.

In Chapter 3, we develop a new optomechanical ‘suspended membrane waveguide’
structure which permits robust Brillouin amplification in silicon. Through passive
reduction of both linear and nonlinear losses which hindered performance in prior
devices, this device supports net optical amplification through FSBS at just ~5 mW
optical pump powers, demonstrating impressive potential for silicon-based Brillouin

devices. This work is based on Ref. [219)].

[219] E.A. Kittlaus, H. Shin, and P.T. Rakich, “Large Brillouin Amplification in
Silicon.” Nature Photonics 10, 463-467 (2016).

In Chapter 4, we use these strong FSBS interactions in silicon to produce high-fidelity
microwave filters using hybrid photonic-phononic signal processing. Through this
process, an RF signal is encoded on intensity-modulated light incident in a suspended
silicon waveguide; through FSBS, this optical signal transduces this information onto
an acoustic phonon, which is filtered through the device’s intrinsic elastic response
before being encoded on light guided in a spatially separate waveguide. This form
of nonlocal emit-and-receive coupling produces tunable, narrow-bandwidth filtering.
while avoiding nonlinear distortion associated with optical ring resonator filters, and
does not experience additive noise commonly associated with filters based on Brillouin

gain. This work is based on Ref. [220].

[220] E.A. Kittlaus, P. Kharel, N.T. Otterstrom, Z. Wang, and P.T. Rakich, “RF-
Photonic Filters via On-Chip Photonic—Phononic Emit—Receive Operations.” Journal

of Lightwave Technology 36, 13, 2803-2809 (2018).

In Chapter 5, we demonstrate stimulated inter-modal Brillouin scattering (SIMS) on-
chip. This interaction produces strong Brillouin coupling between two distinct spatial
optical modes of a silicon waveguide. In contrast to intra-modal FSBS, SIMS produces

two-field couplings reminiscent of traditional BSBS, providing a platform to adapt
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many existing schemes for BSBS-based signal processing in fiber to silicon photonic
circuits. Moreover, this process utilizes on-chip mode multiplexing to route pump and
signal waves without the use of circulators as is necessary in BSBS-based systems.
We use this interaction to produce optical amplification and single-sideband energy
transfer in Ref. [221]. Subsequently, this interaction was used to realize two advances
in Brillouin photonics: the first Brillouin laser in a silicon waveguide [222], and the

first demonstration of optomechanical cooling within a continuous system [223].

[221] E.A. Kittlaus, N.T. Otterstrom, and P.T. Rakich, “On-chip inter-modal Bril-

louin Scattering.” Nature Communications 8, 15819 (2017).

[222] N.T. Otterstrom, R.O. Behunin, E.A. Kittlaus, Z. Wang, and P.T. Rakich, “A
silicon Brillouin laser.” Science 360, 6393, 1113-1116 (2018).

[223] N.T. Otterstrom, R.O. Behunin, E.A. Kittlaus, and P.T. Rakich, “Optome-

chanical cooling in a continuous system.” Physical Review X 8, 041034 (2018).

Finally, in Chapter 6 we present a multi-core device which produces an interac-
tion termed nonlocal inter-band Brillouin scattering (NIBS). Through this process,
an optically-driven phonon spatiotemporally modulates light in a multimode waveg-
uide to produce nonreciprocal acousto-optic modulation and mode conversion. This
traveling-wave interaction produces wideband (>1 nm) nonreciprocity in a low-loss
integrated waveguide for the first time, representing a significant step toward the cre-
ation of practical waveguide-integrated optical isolators and circulators. These results

are based on Ref. [224].

[224] E.A. Kittlaus, N.T. Otterstrom, P. Kharel, S. Gertler, and P.T. Rakich, “Non-

reciprocal interband Brillouin modulation.” Nature Photonics 12, 613-619 (2018).
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Chapter 2

Theory of Stimulated Brillouin

Scattering

In this chapter, we categorize the various types of Brillouin interactions within guided-
wave systems, and explore the necessary conditions for efficient light-sound couplings to
occur. In contrast to bulk systems, where SBS occurs between optical waves traveling in
different directions, we will find that within microscale optomechanical waveguides both
inter- and intra-modal Brillouin couplings are possible between co-propagating light waves.
Furthermore, due to the traveling-wave nature of SBS, these differing geometries produce
a variety of distinct dynamical behaviors.

We begin by discussing the physical mechanisms behind light-sound couplings within
dielectric media, and derive the bulk Brillouin interaction strength. Next, we explore
backward- and forward-SBS within one-dimensional optomechanical waveguides which lat-
erally confine both light and sound waves. Through analysis of the phase-matching re-
quirements for each scattering process, we determine what forms of Brillouin couplings are
allowed, and solve the coupled amplitude equations for each to determine the corresponding

spatial dynamics.
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2.1 Origins of Brillouin Interactions

The interaction between light and elastic waves in matter was theorized by Brillouin [17]
and Mandelstam [18] in the 1920s, and was first experimentally studied in the early 1930s
[20,21,225]. These interactions result from changes of the material dielectric tensor € in

response to an applied elastic strain field S [226]:
Aey = €ijPjkmnErISmn, (2.1)

where p; ;i are the components of the photoelastic (also called elasto-optic) tensor, typically
determined through empirical measurements [226,227]. Practically every dielectric material
exhibits a nonzero photoelastic response, though the magnitude and behavior of acousto-
optic (Brillouin) couplings depend directly on the form of the photoelastic tensor.

Through the photelastic effect, elastic waves create time-dependent refractive index
variations, which may scatter incident light to a different optical frequency and wavevector.
Inelastic acousto-optic scattering interactions can be classified as either Stokes (red-shifting)
or anti-Stokes (blue-shifting) processes. In the former process, a phonon is excited, and in
the latter process, a phonon is annihilated and its energy transferred to the optical field.
These two processes are diagrammed in Fig. 2.1.

Photoelastic couplings are typically termed according to the source of incident phonons,
despite having similar underlying physics: light scattering from externally-driven elastic
waves (e.g. ultrasound driven through the piezoelectric effect) is commonly referred to as
acousto-optic light scattering. Light may also scatter from incoherent thermal phonons
within a material through spontaneous Brillouin scattering (also called Brillouin light scat-
tering). Finally, multiple light fields may couple through nonlinear interactions with elastic
waves in a material, which is termed stimulated Brillouin scattering. These types of Bril-
louin interactions permit control of both light and sound waves within dielectric media.

For stimulated Brillouin scattering to occur, the sound waves that scatter light through
photoelasticity must be driven by optical waves within the medium. This optical driving

of acoustic waves is achieved through electrostrictive forces, which result in mechanical
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Figure 2.1: Stokes and anti-Stokes scattering processes, (a) Through a Stokes process,
an incident photon (frequency uyp) emits a red-shifted photon (frequency ax = ap —() and
a phonon (frequency CJ). This process is illustrated through a scattering diagram (top) and
energy-level diagram (bottom), (b) Through an anti-Stokes process, an incident photon
(frequency cjp) annihilates a phonon and is blue-shifted to frequency wg*= up + d. Image
credit: Shai Gertler, Evic Kittlaus.

stresses1 and material deformation that are quadratic in the applied electric field. Through
energy conservation (virtual work), the electrostrictive effect is thermodynamically linked

to the same strain dependence of the material dielectric tensor [228-230], resulting in a

stress whose magnitude is proportional to the photoelastic tensor magnitude [229,230]:

(&ij) = 2 NONjPjkmn™kd i~Ej) . (2-2)

Here the stress, and the electric field product E{Ej, are time-averaged since the mechanics
(at GHz frequencies) respond much slower than the optical frequency (~ 102 —103 THz).
For cubic and isotropic materials, the dielectric tensor is diagonal with = n25ij, and this

expression simplifies to
ip'kl) ~  2£°n Pijki 5 (2*3)
where n is the material refractive index. In these material systems, there are only three

1. Note that, in equilibrium, the mechanical stresses Uki and body forces ftr are directly related as fr =
—dkCTkl-
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independent photoelastic coefficients, which can be written using contracted notation where
11 — 1,22 — 2,33 — 3, and 23,32 — 4, and pi3 = p12 by symmetry. In this notation,
p11 produces stress with the same polarization as the electric field, p12 produces stress at
orthogonal polarizations to the electric field, and pss produces shear stresses. For isotropic
media, paq is further constrained to pas = (p11 — p12)/2.

When optical fields are present in a material, electrostriction induces a strain S related
to the total stress through the elastic stiffness tensor oy; = Cj;x1 Sk, which in turn modifies
the material refractive index through photoelasticity (Eq. 2.1). When this induced refrac-
tive index modulation couples the same optical fields that generated it, nonlinear optical
coupling via stimulated Brillouin scattering can occur. Here, we briefly discuss how the
interplay between these effects can lead to nonlinear optical interactions through backward
stimulated Brillouin scattering (BSBS), which couples counter-propagating optical waves

through a longitudinal elastic wave.

2.1.1 Phenomenological Picture of Backward SBS

Within bulk media, stimulated Brillouin scattering may occur between overlapping optical
waves through interactions with longitudinal acoustic phonons. As an introductory example,
we consider the commonly-studied case of SBS between counter-propagating optical waves.

Within this geometry, backward SBS (BSBS) may be understood according to the di-
agrams in Fig. 2.2. Two counter-propagating optical waves with frequencies w; and wy
(wavevectors k1 and k) are incident within a dielectric medium (Fig. 2.2a), and produce a

traveling interference beat-note at their difference frequency 2:

Q=w; —wy, (2.4)

where we have assumed w; > wo for simplicity. This intensity fringe pattern excites a
traveling strain wave within the material via electrostrictive forces (Fig. 2.2b). Through a
form of dynamical Bragg scattering, this elastic deformation then acts as a moving mirror
that scatters light between the two optical waves (Fig. 2.2c¢), with a Doppler shift that

couples light from high- to low-frequency through a stimulated Stokes process.

20



Optical interference pattern

an

Traveling elastic wave

H= - a2

Dynamical Bragg scattering

z=0 Position (z] 7=

Figure 2.2: Backward stimulated Brillouin scattering, (a) diagrams a slice of a mate-
rial in which two counterpropagating optical beams at frequencies and u: are incident.
These light waves produce a traveling intensity beat note within the medium, (b) This
intensity fringe pattern induces a traveling elastic wave through electrostrictive forces, with
a time-harmonic frequency { at the optical beat frequency, (c) This elastic wave can scat-
ter light between the two fields through photoelastic (acousto-optic) coupling, resulting in
nonlinear energy transfer through stimulated Brillouin scattering.

When the velocity of the driven strain wave matches the longitudinal speed of sound v
in the material, this process becomes dramatically enhanced. This condition occurs when
the frequency and wavevector of the driven elastic wave satisfy the dispersion relation of

the fundamental longitudinal acoustic phonon [70]:

nB= 2.5)

where (B is the so-called ‘Brillouin frequency’ at which efficient optical energy transfer
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occurs, and g is the wavevector of the optically driven phonon. This wavevector is equal
to the wavevector of the optical interference pattern (beat note) between the two optical

waves

n
qzkl—k2=7(w1 +wz). (2.6)
Combining Eqgs. 2.4-2.6, we find a Brillouin frequency of

2v
w1
_ e 20 (2.7)

QOp = = .
B 1+ e/n

For BSBS, the Brillouin frequency is proportional to the optical drive frequency and the
speed of sound in the material. Typical values for crystalline media at optical wavelengths
are in the 10-100 GHz range. Efficient Brillouin coupling occurs within a narrow bandwidth
T" about g, which is set by the acoustic phonon lifetime. In bulk materials at room
temperature, I' is typically in the 10-100 MHz range, corresponding to an acoustic quality
factor @ = Qg /T" ~ 100—1000 for these acoustic phonons. Here, @ can be understood as the
number of cycles before a phonon decays. These typical values correspond to propagation

lengths in the ~ 100 pm range.

2.1.2 Scalar Model of Backward SBS

Following the treatment of Ref. [70] and others, we now briefly describe a scalar model
for BSBS coupling between three waves—two optical, and one acoustic. The two coun-
terpropagating optical plane waves of frequencies w; and we are represented in complex

notation

E1(z,t) = a1(z, t)eFrz—w1t) e, (2.8)

Ey(2,t) = ag(z, t)e'"F27=w2t) ¢ e (2.9)

The acoustic field is represented as a longitudinal plane wave with the material displacement

distribution

u,(2, 1) = b(z, 1) L ce., (2.10)
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where we will henceforth drop the subscript , for simplicity. Note that we have decom-
posed the longitudinal acoustic displacement into its oscillating component %~ and an
envelope b(z,t). The displacement must satisfy the driven-damped acoustic wave equation:

Pu  Fu Pu_ f,

72 oz VaE o (2.11)

Here vy is the material acoustic damping parameter, pg is the material mass density, and

the driving term f, is the longitudinal body force, which is given by Eq. 2.3:
L4 2
f=Vo; 0= —§aon D12 (E > . (2.12)

The resulting acoustic drive term from the incident optical fields is:

fz= %geon‘lplg [alaﬁei(qz”m) + c.c.] . (2.13)

Substituting Egs. 2.10 and 2.13 into Eq. 2.11 and making the approximation that the
acoustic amplitude b varies slowly in time and space, the equation for the acoustic envelope
becomes

0b

. ) . o0b iq .
—2zﬂa + (9123 - 0% - iQl'g) b — 21q112$ = %son‘lplgala? (2.14)

Here the Brillouin frequency term comes from the relationship QQB = v2¢2, and we have
defined the Brillouin linewidth T'y = ¢y, where 1/T'g is the phonon lifetime. Equation
2.14 can be simplified by making two approximations. First, we assume that the system
is at a steady state in time, so that % = 0. Second, we assume that the phonon envelope
does not change dramatically over the acoustic decay length, so that we can set the term
1)2% = 0. While in the case of extremely strong Brillouin couplings this condition can
break down, for the vast majority of experimental systems it is an excellent approximation.
Under these assumptions, the acoustic envelope directly follows the product of the optical

field amplitudes
a1a5
Q% — 02 —iQl'g”

1
b(z,t) = Q—Z(;Eon‘lplg (2.15)
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The evolution of the optical fields is described by the wave equation

8%E; n\2 82E; 1 8%P,
- () 5 a1

c/) 0Ot? goc? Ot2°

where ¢ = 1,2 indexes the optical field, and P; is the nonlinear polarization component

which sources each optical field. The total nonlinear polarization is given by
P = gy AxE = g9 AeE = —2igeon’p1ouk, (2.17)
with the relevant source terms given by
Py = —2igegn’probase’®1z=w1t) L oo Py = —2igegnpiob* a1ef*2F 2t L oo (2.18)

Substituting these terms into the optical wave equation and again making the slowly-varying

amplitude approximation leads to two coupled equations for the optical amplitudes

dar  ndar  wnipiag

—8;' ZW = —c b0,2 (219)
daz  ndaz  wnprg ,,
E - —67 = —C b ai, (2.20)

where b is given by Eq. 2.15, and we have made the approximation w; = ws = w. In the

steady-state, these equations become

da1 _ icowg® (n*pa)® |az|?a1 (2.21)
Oz 2ncpo 0% — 02 —iQl'p '
Bay _ —ieqwg®(n*p1o)® |a1|ay (2.22)
Oz 2ncpo QF — 02—l '

These expressions can be recast in terms of the optical power intensities with the normal-

ization I; = 2negcaja; :

o5

B, = —Gp(Q) 11 12 (2:23)
oI,

L= 2.
L Ga(@) 224)
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where Gg(Q) is the frequency-dependent Brillouin gain coefficient

_ (n'p1p)?? (Ts/2)*

N nCS’Up()FB (QB — Q)2 + (FB/2)2 ) (2.25)

Here we see that the peak backward-SBS coupling scales strongly with refractive index
o n’, and is proportional to p?,. Furthermore, the Brillouin gain coefficient is inversely
proportional to the acoustic dissipation rate I'g. Therefore, when elastic waves live longer
in a medium, they lead to increased Brillouin couplings since they can interact over greater
lengths. Conversely, excess acoustic dissipation may stifle Brillouin interactions. Values of
the SBS gain coefficient in terms of optical intensity are typically in the 107! — 10?2 cm/GW
range.

In the presence of a strong pump, a weak, red-detuned signal wave experiences expo-
nential gain as it propagates through a Brillouin-active medium. In an optical waveguide,
where mode areas, and hence the intensity of an undepleted pump, is constant with z, the
total backward-SBS gain factor after a length L is

——2((5 — 2)) — (OBAL, (2.26)
This analysis is remarkably successful at capturing the behavior of BSBS across a wide
variety of systems. However, the treatment of SBS as a bulk interaction falls short when
considering micro- and nano-scale devices, where geometry plays a large role in shaping
the character of Brillouin interactions. For example, within nanoscale waveguide systems,
geometric forces due to radiation pressure and boundary electrostriction can dramatically
enhance or suppress the Brillouin interaction strength [195-198, 230, 231]. Furthermore,
wavelength-scale confinement of optical and elastic waves leads to nontrivial field profiles,
and the full-vectorial nature of the propagating modes must be taken into account. In
this case, the electric field profile of the optical modes is no longer entirely transverse,
and the full anisotropic mechanical properties of the waveguide material are relevant. As
a result, Brillouin gain calculations which account for the complete interaction between

confined elastic and optical waves are necessary [195,231-233]. These analyses predict a va-
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riety of phenomena within nanoscale waveguides, including giant Brillouin gain coefficients
(>10%-10* times larger than bulk), coherent addition or cancellation of electrostrictive and

boundary forces, and efficient Brillouin coupling through forward-SBS (FSBS) interactions.

2.1.3 SBS in Guided-wave Systems

Within translationally-invariant waveguide systems, we consider Brillouin interactions be-

tween pump and Stokes waves with field profiles

Ey(r,t) = Ep(ry)eikor—wrt), (2.27)

Es(r, 1) = Eg(r )elhsz—wst) (2.28)

where the electric field for each can be decomposed into a field vector that depends on the
transverse dimension, and a wave-propagating term. According to Ref. [195], the Brillouin
gain in such a system can generally be calculated via the spatial overlap between the time-
harmonic optical force f and the elastic-wave velocity distribution 1 driven by these forces.
Both the elastic wave and the optical force propagate with wavevector ¢ = k, — ks and have
frequency Q = wp — ws determined by the pump-Stokes interference beat-note.

In this picture, the Brillouin gain coefficient can be found using a particle conservation
argument: Through SBS, each scattered pump photon (frequency wp) is converted to a
Stokes photon (ws) and a phonon (). Because of this correspondence, we can directly
calculate the Stokes scattering rate from the phonon generation rate, which is related to the
total amount of mechanical work performed to transduce these phonons?. Through energy
conservation, this is directly related to the driven elastic wave power density f - 0, leading
to [195]:

Ws

GB(Q) — mRG(f, u) 5 (2.29)

where P, and P are the optical powers in the pump and Stokes waves, and the inner

2. Specifically, in terms of particle luxes we can recast the typical Stokes gain equation Ps/0z = G P Ps—
aPs in terms of a semiclassical Stokes particle flux ®s, and particle generation rates s, vp, and b, so that
8®5/0z = s — ads with s = GrPpPs/hws. Particle conservation gives 45 = yp = —7p, and the phonon
generation rate can be related to the classical elastic-wave power as y, = (8P/8z)(1/k)). We can determine
the elastic power through direct integration of the cross-sectional overlap integral (f, a).
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product between vector fields is defined as the cross-sectional overlap integral
(A,B) = / A* -BdA. (2.30)

For delta function forces (e.g. along waveguide boundaries), this area integral becomes a
line integral. This approach is particularly convenient since Equation 2.29 captures both
body and boundary interactions, and avoids calculating nontrivial polarization currents
along discontinuous boundaries and fields. Instead, we have expressed the Brillouin gain
simply as a product between the optical force and driven elastic wave vectors.

Since the optical power in a waveguide is given by vg(E, €E), where v, is the optical

group velocity, we can write this expression in normalized form as®

2ws Im(f, u)
Vg pVgs (Ep, €Ep)(Es, €Es)’

Gs(Q) = (2.31)

Note that the Brillouin gain coefficient in this model should not depend on the optical field
strength. Both the force f and displacement u fields depend quadratically on electric field
in this model, so the field amplitude terms ultimately cancel.

To calculate Gg(2) using Eq. 2.31, we must first solve for the driven elastic wave as a
function of force and, consequently, the incident field profiles. To avoid this complexity, we
can instead simplify this calculation using a modal expansion approach. Starting with the

elastic wave equation in the presence of a time-harmonic force at Q [234]:

15} ou
2, — g ! )
po¥u; = 5z Cijkl o + fi. (2.32)

Here pg is the mass density, and c;;x; is the material elastic tensor. Due to the symmetry
properties of the elastic tensor, in the absence of driving forces this equation represents a
Hermitian eigenvalue equation, and we can decompose our total elastic field profile u into a
summation over eigenmodes u,e~**t that satisfy an orthogonality condition (u,, pu,) =

S (U, pum). If we write the elastic displacement field as u = )", by, in the presence

3. Alternately, we may begin by normalizing the optical fields such that vz(E,eE) = 1 and working in
natural units.
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of force profile f this condition leads to the expansion coefficients [231]:

(U, ) 1

b, =
" (U, pUy) an - 02

(2.33)

In the absence of loss, when @ = ,,, the mode amplitude diverges. Within a realistic
system, there are many elastic loss mechanisms which will lead to a finite dissipation rate
'y, for each mode. We can pencil in this loss as an imaginary frequency Q, — Qp, — il /2,
provided that the acoustic mode quality factor Qm = QO /Ty > 1. In this case, the mode

amplitude becomes
(um, f) 1 T'p/2

bm = ) 2.34
™ (U, pn) T Qe O — Q2 — 4T, /2 (2.34)

Substituting Eq. 2.34 and the modal expansion into Eq. 2.31, and using the fact that
Q < wp,ws we find that the total Brillouin gain coefficient can be written as a sum of SBS

gains of each elastic eigenmode as

Ge(Q) =) Gs (Tm/2)” (2.35)
=TT = Q)? + (T /2)
so that the gain of each mode has a Lorentzian lineshape, with a peak gain of
2 £, u))?
GBm wsQm [(F, w)| (2.36)

02 05 pg s (Ep, €Ep) (B, €Bg) (U, pum )’

Eq. 2.36 allows calculation of the Brillouin gain as a function of elastic mode profile, and
allows for solving the elastic wave equation and optical force profiles separately. As before,
the inner products in the denominator represent normalization of the field quantities that
participate in the SBS process.

Through the relation Gg o |(f, u}|?, it is clear the efficient Brillouin coupling requires
strong overlap between optical forces and elastic waveguide modes. In nanoscale waveguide
systems, the total optical force contains contributions from both electrostriction (which
produces body and boundary forces), and radiation pressure, which produces forces normal
to dielectric boundaries:

f(r,t) = fip(r, t) + fos(r, ). (2.37)
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Figure 2.3: Vectorial picture of optical forces and SBS coupling, (a) diagrams a
portion of a translationally-invariant waveguide with a rectangular cross section (left), and
a perspective view (right) (b) This structure guides many elastic waves, one of which is
plotted in (b). For simplicity, the wavevector ¢ of the simulated mode is set to 0 for the
purposes of this diagram, (c) This optomechanical waveguide supports a transverse electric-
like (TE-like) optical mode with the re-directed electric held profile shown here. This optical
held produces a variety of body and boundary forces within the waveguide, including the
rr-directed electrostrictive body force in (d), and the boundary radiation pressure shown
in (e). Cross-sectional slices of the optical mode and forces are plotted below (c-¢). Both
these electrostrictive and radiation-pressure forces are well-suited to coupling with elastic
waves with the x —displacement prohle from (b), since they produce forces with the same
symmetry and direction as the elastic-wave motion.

29



Within a translationally-invariant waveguide, the optical force and elastic wave may be
decomposed into transverse and longitudinal components as f(r,t) = f(r)e(%*=¥) and
u(r,t) = u(r 1)eia#=%) where r) = (x,y). As a result, the overlap integral (f,u) can be
seen as resulting from the overlaps of each of the vector components of the cross-sectional
field profiles, as depicted in Fig. 2.3; the interference of optical fields (Fig. 2.3c) leads
to body and surface forces (Fig. 2.3d-e). In this specific example, the z-components of
boundary radiation pressure and body electrostriction forces add together constructively.
This force profile leads to a strong overlap with an xz—directed elastic breathing mode,
pictured in Fig. 2.3b, since u,(r) ) and f;(r) have the same spatial symmetry.

We consider the modal picture of SBS for various types of Brillouin scattering processes
in Section 2.3. First, however, we investigate the spatial dynamics of each Brillouin pro-
cess, and explore how traveling-wave phase-matching dictates the coupled-wave behavior of

Brillouin interactions within such guided-wave systems.

2.2 Types of Brillouin Scattering Processes

Thus far, we have examined SBS in bulk materials based on a back-scattering (BSBS)
process. However, within waveguide systems which confine both light and sound, a variety
of SBS processes are possible. In this section, we compare and contrast the different types
of Brillouin interactions supported by nanoscale waveguide systems. We begin with BSBS
and discuss how its traveling-wave dynamics result from the phase-matching conditions for
Stokes and anti-Stokes scattering processes. Thereafter, we consider intra- and inter-modal

forward SBS, which produce dynamics quite distinct from those of BSBS couplings.

2.2.1 Dynamics of Backward SBS (BSBS)

As derived in Section 2.1.2, BSBS produces two-tone couplings, and single-sideband am-
plification of a weak signal in the presence of a strong blue-detuned optical pump. This
behavior is diagrammed in Fig. 2.4a-c. Counter-propagating pump and signal waves are
guided in the same spatial optical mode of a BSBS-active waveguide. Through interactions

with a longitudinal acoustic phonon, energy is transfered from the pump to the signal wave,
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resulting in single-sideband gain through a stimulated Stokes scattering process.

Phase-matching and energy conservation for this process are both captured using the
diagrammatic representation in Fig. 2.4d. Through a Brillouin scattering process, a phonon
scatters an optical photon between distinct points that lie on the optical dispersion curve.
In this representation, an optical state is represented by coordinates (wavevector, frequency)
= (ki,w;), where the superscript ; is used to label the specific optical wave. Thus, Stokes
scattering couples light from a pump wave at a point (kp,wp) denoted by an open circle to
a Stokes wave at a point (ks,ws) represented by a filled circle. This process is mediated by
a phonon (solid green arrow) with frequency Qp and wavevector gs. Energy conservation
for the Stokes process states that wp = ws + O, whereas phase-matching requires that the
sum of the wavevectors of the initial particle states equals the sum of the wavevectors of
the final particle states. This condition can be written kp = ks + ¢s, and is diagrammed in
Fig. 2.4e. Because the frequencies, and hence wavenumbers, of the pump and signal waves
are very close, this phase-matching condition is often written as gs = 2|kp|.

For BSBS, Stokes and anti-Stokes processes are mediated by different phonons. This
can be seen from Fig. 2.4d, where a blue-shifting process is mediated by a phonon (dashed
green line) which is backward-traveling, whereas a red-shifting process is mediated by a
forward-moving phonon. This symmetry-breaking between these two processes arises from
the wavevector conservation condition, where an anti-Stokes process annihilates an existing
phonon with wavevector g,s = —2|kp| and scatters a pump photon from (kp, wp) t0 (Kas, Was)-
Wavevector conservation for this process is plotted in Fig. 2.4f.

In BSBS, Stokes and anti-Stokes scattering lead to fundamentally different dynamics.
Through a Stokes process, a Stokes phonon is emitted, enhancing the Stokes scattering
rate by increasing the phonon population. This self-reinforcing effect leads to stimulated
(nonlinear) light scattering. By contrast, during an anti-Stokes process, an anti-Stokes-
active phonon is annihilated. Because this blue-shifting process annihilates a phonon, rather
than producing phonon emission, it is not self-reinforcing and cannot become a stimulated
process. As a result, only thermally-populated (or otherwise driven) phonons may mediate
anti-Stokes processes.

As discussed earlier, BSBS couples energy unidirectionally between two optical waves.
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Figure 2.4: Phase-matching and dynamics of BSBS. (a-c) depict the gain dynamics
of BSBS. Counterpropagating pump (blue) and signal (red) waves are injected in the same
spatial mode of a Brillouin-active waveguide. These waves couple through a longitudinal
acoustic phonon (b) to produce energy transfer from pump to signal waves. These dy-
namics can be understood from the phase-matching requirements for backward Brillouin
scattering (d-f): In panel (d), wavevector and frequency (energy) conservation are plotted
via the horizontal and vertical coordinates, respectively. A forward-propagating phonon
(solid green arrow) lying on the phonon dispersion curve (black) scatters light between a
forward-propagating wave at frequency up (initial state represented by an open circle) and
a backward-propagating wave at frequency us (final state represented by a filled circle).
This phonon has a wavevector ¢ equal to the wavevector difference between initial and fi-
nal optical states kp —ks, as diagrammed in (e). Because the anti-Stokes process couples
through a phonon which travels in the opposite direction (dashed green arrow in (d) and
(f)), anti-Stokes scattering is decoupled from the Stokes scattering process.
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The spatial evolution of the powers in each field can be determined according to the coupled

differential equations:

% — GuPP o, (2.38)
88];)5 = —GpF,F;s + oF. (2.39)

Here P, and Py are the guided-wave powers in the pump (blue) and Stokes/signal (red)
fields, and « is a linear propagation loss parameter assumed to be the same for both waves.
As usual, Gp is the (frequency-detuning-dependent) Brillouin gain coefficient. Note that
because the signal wave is traveling backward with respect to the pump (—z direction), the
sign on the loss term is positive with respect to +9z.

Neglecting pump depletion, these equations produce exponential gain for the signal
wave. We briefly consider the case where pump light with total power PI()) is injected into
a BSBS-active waveguide at position z = —L, and a signal wave with power P2 is injected
into the same waveguide at z = 0. Assuming that P? < Pg and |aL| < 1, the pump and

signal powers at any point z within the waveguide are given by

Pp(z) = Ple=o=+L) (2.40)
Py(z) = Ple(GBPp-o)(=2) (2.41)
The signal-wave amplification exiting the waveguide at z = —L is
PS(_L) — e(GBPg_a)L_ (242)
P

Thus the waveguide acts as a linear Brillouin amplifier with an exponential gain factor

e(@eF—e)L  Ag the signal power grows to a comparable level to that of the pump wave,

this behavior changes due to pump depletion. As an illustrative example, we solve for the
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BSBS wave dynamics in the absence of loss:

o,

5, = ~GBRP: (2.43)
OP.
8; = —GpP,P.. (2.44)

Direct integration shows that at any point, Py(2) — Ps(2) = ¢, where c is a constant. The

equations thus become decoupled and we can write

OF;

== = ~GpRi(c+F). (2.45)

This equation can be solved by direct integration to find

ck

PS(Z) = —eGBCZ — k’

(2.46)

where k = Ps(0)/Pp(0) = Ps(0)/(c + Ps(0)), and the constant ¢ is given by the solution to

the transcendental equation

vt _ (Po(=1) ~ &) (R(0) + 9
S X S AN (247

These equations permit near-complete optical power transfer between pump and signal
waves, provided that the gain-power-length product* GBPgL > 1. In this case, the signal
power initially grows as Py(—z)/Ps(0) = (1 — GpPs(0)2z)~* before eventually saturating at
Py(—-L) = Pg . BSBS energy transfer occurs at the strongest rate at the beginning (z = 0)
position in the waveguide where the pump wave is injected, since this is where both the
pump and Stokes waves, and hence the mediating phonon field, are maximized. This energy

transfer always occurs from the blue-detuned to the red-detuned wave.

4. More accurately, the power term should be replaced by a term like /P9 PV in the case of small input
signal waves to capture the necessary condition for pump depletion

34



2.2.2 Dynamics of Forward SBS (FSBS)

Next, we investigate intra-modal forward SBS (FSBS) within guided-wave systems. FSBS,
which couples optical waves traveling in the same direction, requires the existence of elas-
tic waves that are confined in the transverse dimension. Through interactions with these
‘breathing’ modes, FSBS produces physics that are very distinct from BSBS, leading to
multi-sideband couplings that scatter light to numerous frequency components. This be-
havior is diagrammed in Fig. 2.5a-c. Co-propagating pump and signal waves detuned by the
Brillouin frequency Qp are injected into a FSBS-active optomechanical waveguide, where
they couple through a transverse acoustic phonon. As these waves propagate through the
device, energy is transferred both from the pump to the signal wave, and to an additional
optical tone blue-detuned from the pump by Qp through anti-Stokes scattering.

This multi-sideband energy transfer occurs because both Stokes and anti-Stokes pro-
cesses couple to the same acoustic phonon mode, as shown in Fig. 2.5d-f. In the dispersion
diagram of Fig. 2.5d, a forward-propagating (wavevector ¢) acoustic phonon mode scatters
light between a pump wave at point (kp,wp) on the optical dispersion curve (open circle),
to (ks,ws) (filled circle). The wavevector of this phonon is very close to zero (corresponding
to a cutoff mode with very low group velocity), and is given by g = kp, — ks = Q0B /vg, Where
vg is the optical group velocity. Because light is coupled between points on the same optical
dispersion curve, this same phonon also couples pump light to a blue-detuned sideband
at (kas,was = wp + OB). From the wavevector conservation (phase-matching) condition,
which states that the total wavevector sum must be conserved through a scattering process,
both Stokes and anti-Stokes processes couple through the same phonon with wavevector
g = ¢s = Qas, as diagrammed in Fig. 2.5. Furthermore, since vg (the slope of the optical
dispersion curve) is practically constant over the range of several Brillouin frequency shifts,
Stokes- and anti-Stokes-shifted light waves may experience cascaded FSBS, permitting en-
ergy transfer to successive frequency tones spaced by g.

Because Stokes and anti-Stokes processes couple to the same phonon mode through
FSBS, phonon generation and annihilation are intrinsically balanced. As a result, FSBS

does not produce stimulated phonon gain, instead driving a phonon field which is constant in
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Figure 2.5: Phase-matching and dynamics of FSBS. (a-c) depict the gain dynamics of
FSBS. Co-propagating pump (blue) and signal (red) waves are guided in the same optical
mode of a Brillouin-active waveguide. The same device also guides transverse acoustic
waves (b) which produces nonlinear light-sound coupling. While pump light is scattered
to the signal wave, producing gain, the same acoustic phonon also scatters light to the
blue-detuned (anti-Stokes) sideband. This form of dual-sideband gain is quite distinct
from the dynamics of BSBS, and can be understood from the phase-matching conditions
for FSBS (d-f) Panel (d) plots the dispersion curve for the optical waveguide mode and
the acoustic phonon mode. A forward-propagating phonon (solid green arrow) lying on
the phonon dispersion curve (black) scatters light between two points (cup, kp) and (s, ks)
on the optical dispersion curve (dark blue). However, this same phonon can also scatter
light through anti-Stokes (blue-shifting of the pump) and cascaded Stokes (red-shifting of
signal light) processes, mapping light between successive points along the optical dispersion
curve, (e-f) depict phase-matching (wavevector conservation) for Stokes and anti-Stokes
scattering. The same phonon participates in both, leading to intrinsic coupling between
Stokes and anti-Stokes processes.
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space (in the absence of external losses). These dynamics also have important consequences
for spontaneous forward Brillouin scattering and Brillouin lasing. Because FSBS does not
modify the phonon population in a self-reinforcing way, it cannot be initiated from thermal
noise, in contrast to BSBS. Consequently, FSBS may not generally be used to create a
Brillouin laser without some external mechanism that breaks Stokes/anti-Stokes symmetry.

To explore the dynamics of FSBS couplings, we write down the coupled power amplitude
equations between a set of optical tones a,, indexed by integer n. As in the case of BSBS,
we assume that the phonon field is heavily spatially damped compared to the length over
which the optical amplitudes change appreciably, and that we are in the steady state (time
derivatives of envelopes are zero). In this case, optical power transfer is governed by the

equation [233]:

da GB

_8—22 =5 (an—1b — an+1b"). (2.48)
Here Gp is the Brillouin gain coefficient, which we have assumed is the same for each nearest-
neighbor coupling. We have also assumed that each optical tone with power amplitude a,
is separated from its neighbors by the Brillouin-active phonon frequency Qp (i.e. that the

coupling is on-resonance). The optical power in each tone is P, = |a,|?, and the phonon

field amplitude is calculated as the sum of optical beat-notes by [186, 233]

b= a}_ian. (2.49)
n

Differentiating Eq. 2.49 with respect to position z and substituting in Eq. 2.48, we find
that % = 0, indicating that the phonon field created through FSBS is constant in space.
Using this fact, we investigate the case of small-signal FSBS gain, where we consider
the spatial evolution of three tones a, = a_1, ag, and a; at frequencies wp +n - Qp within a
Brillouin-active waveguide. a_; and ag are have incident values o' and aif°, respectively,

where |a®¢| < |aif|. We assume that a;(z = 0) = 0, and that ag(z) = af'°, in other words

that the pump is undepleted. The equations for the spatial evolution of the Stokes and

37



anti-Stokes fields are

3(1_1 GB
= —aqagpb* 2.
5= 5 oa0b (2.50)
day _ Gg

Because b = (a!"¢)*all® is a constant, these equations can be directly integrated:
1) Y gr

G , . G
a_1(z) = TBagb*z +a™ = l%¢(1 4 7‘3 lag|? 2) (2.52)
a1(z) = %agbz = %B—a%aiﬁ‘fz. (2.53)

The optical power evolution of these fields is then given by

H 2
. pinc
P_i(2) = P (1 + %) (2.54)
1 2
1nc .
Pi(2) = (%) pmc, (2.55)

In the small-signal limit, both the Stokes and anti-Stokes fields experience energy transfer
from the pump wave. Interestingly, the gain of the Stokes wave is directly proportional to 1+
GpPyz+(GpPyz)? /4. Note that this expression deviates from the exponential amplification
observed through BSBS, representing only the first three terms in the series expansion of
e@BPoZ This sub-exponential Stokes gain results from the back-action on the phonon field
from anti-Stokes scattering.
Eq. 2.48 can be solved exactly if we write the phonon field from Eq. 2.49 as b = boe'®,
where ¢ is an overall phase factor. In this case, the coupled-amplitude equations become
% = —G};ﬁ (an_leid’ — an+1e_i¢) . (2.56)
The solutions to this differential equation are Bessel functions, with a trial solution of the

form

an(2) =Y emnJm (GBbo2) . (2.57)
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Plugging in to Eq. 2.56 leads to the condition on the coeflicients ¢y,

i i
Cm+1ln — Cm—1n = ewcm,n—l —€ ¢cm,n—+—1,

which leads to the constraint
Cmn = Cn—meim¢-

Further inspection of boundary conditions reveals that [186]:

Cm,n = QGn—m (O)Gim(qb—w),

so that the full solution for the FSBS coupled-amplitudes is

an(2) =Y am-n(0)e™ ¢ T, (Gaboz).
m

(2.58)

(2.59)

(2.60)

(2.61)

In the presence of just two incident optical fields ag(0) and a;(0), this expression simplifies

to

an(z) = ap(0)e™?) 1, (Gboz) + a1 (0)e! "V~ 1.1 (Gpboz),

(2.62)

where by = 1/ Pi"°Pi"°. These equations predict cascaded Brillouin energy transfer to an

increasing number of tones as the total Brillouin interaction length Ggboz is increased. We

can compare this result to the small-signal Stokes gain by expanding to first order in the

argument

an(2) = ao(0)Jo (Gpboz) + a1(0)e™J; (Gpboz)

Gpboe®z
2
GBbz
2

a1+ et0)

~ ao(O) + al(O)

= ao(0) + a1(0)

which is identical to Eq. 2.52.

(2.63)

This analysis shows that FSBS produces very different couplings from those of BSBS.
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Instead of producing two-field couplings and exponential amplification, FSBS behaves as
a form of traveling-wave phase-modulation, resulting in Bessel-like evolution of the opti-
cal amplitudes, and cascaded energy transfer to successive modulation orders as the total
coupling strength is increased. These physics can be understood from the fact that FSBS
couples optical fields along a single branch of an optical dispersion curve that is linear over
the frequency range of interest. This form of coupling may also seem intuitive based on
the type of acoustic phonons which mediate FSBS—in the diagram of Fig. 2.5b, it seems
plausible that the transverse breathing-mode elastic wave would treat each traveling optical
wave on equal footing (produce scattering of each wave), since the optical fields have nearly

identical mode shapes and frequencies.

2.2.3 Dynamics of Forward Stimulated Inter-modal Brillouin Scattering

(SIMS)

Thus far, we have examined the dynamics of both intra-modal forward- and backward-SBS,
and have seen that these two processes produce very different coupled-wave dynamics. In
this section, we examine a third form of Brillouin coupling between forward-propagating
waves guided in distinct spatial optical modes. This interaction, termed stimulated inter-
modal Brillouin scattering (SIMS), produces two-tone couplings similar to BSBS through
a forward-scattering process. These types of interactions may be technologically important
within integrated silicon optomechanical waveguides, as we discuss later in this dissertation.

The behavior of SIMS amplification is depicted in Fig. 2.6a-c. Co-propagating pump
and signal waves are injected into different spatial optical modes of a multimode Brillouin-
active waveguide (sketched here with a symmetric (pump) and anti-symmetric (signal) field
profile). The signal wave is red-detuned from the pump wave by the Brillouin frequency Qg,
and their interference beat-note drives a traveling antisymmetric (Lamb-wave-like) acoustic
phonon through optical forces. This phonon couples these optical tones through stimulated
inter-modal Stokes scattering to produce nonlinear energy transfer from the pump to the
signal.

In contrast to the multi-sideband couplings of FSBS, this process restores the single-

sideband energy transfer of BSBS, except that it uses a forward-scattering geometry. This
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behavior results from the fact that, similar to BSBS, SIMS couples light between two optical
dispersion branches (Fig. 2.6d). In contrast to BSBS, where Brillouin coupling occurs be-
tween the forward and backward branches of the same optical mode, in SIMS this coupling
occurs between forward-propagating branches of different spatial modes. In the configura-
tion sketched in Fig. 2.6d, light is scattered from the fundamental (symmetric) optical mode
at (kp,wp) to a higher-order (anti-symmetric) optical mode at (ks,ws) through a Stokes pro-
cess. Because these two optical modes may have different optical phase velocities resulting
from geometric dispersion, k, and ks may have disparate values. These optical waves couple
through a phonon with wavevector gs = kp, — ks (solid green arrow). Because the Brillouin-
active phonon wavevector is directly set by the difference in optical mode wavevectors, it
may be varied through changes in waveguide design, opening the door to additional degrees
of tunability in SBS processes.

Since coupling is mediated between optical waves lying on distinct dispersion curves,
Stokes and anti-Stokes processes are again mediated by phonons with different wavevectors.
As diagrammed in Fig. 2.6d-f, the Stokes-active phonon (solid green) and anti-Stokes-active
phonon (dashed green) travel in opposite directions. From the phase-matching condition,
gas = kas — kp, under typical circumstances where the optical modes propagate at different
phase velocities, gas = —¢s.

As a result, SIMS restores the intrinsic dispersive symmetry-breaking between Stokes
and anti-Stokes processes necessary for stimulated phonon gain and Brillouin lasers. Fur-
thermore, in contrast to intra-modal FSBS, cascaded scattering is not possible since there
are no available destination optical states. Thus SIMS produces nonlinear coupling be-
tween only two optical waves, with similar power evolution equations as those for BSBS

(Eqs. 2.38-2.39):

oP
B—Zp = —GpPoPs — aPy, (2.64)
%]: > = GgP,Ps — aPbs. (2.65)

These equations differ from those for BSBS only in the propagation of the signal wave, where

we have taken —0z — 0z. For simplicity, we have assumed a single linear propagation loss
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Figure 2.6: Phase-matching and dynamics of SIMS, (a-c) depict the dynamics of
optical amplification in a SIMS-active waveguide. Co-propagating pump (blue) and signal
(red) waves are coupled into separate transverse spatial modes of a multimode optomechan-
ical waveguide. These optical waves couple through an asymmetric traveling-wave phonon
(black arrow with gray arcs) to produce gain of the red-detuned signal wave at the expense
of the pump, (d-f) plot the phase-matching behavior of this process. In (d), a guided-wave
acoustic phonon (solid green arrow) which lies on the acoustic dispersion curve (black)
is used to couple light from the pump mode (symmetric mode, blue) to the signal wave
(anti-symmetric mode, red). Similar to the types of Brillouin processes discussed in prior
sections, Stokes scattering transfers light from a point (cjp,kp) denoted by an open circle
to a point (s, ks) (filled circle). However, through SIMS the wavevectors kp and ks corre-
spond to distinct optical dispersion branches. The same phonon with wavevector ¢ —kp—*ks
cannot produce cascaded Brillouin scattering processes since no destination optical state is
available on other dispersion bands. Furthermore, as in BSBS, the phonons which mediate
Stokes scattering (solid green arrow) and anti-Stokes scattering (dashed green arrow) travel
in different directions, as denoted in (d-f), so these processes are decoupled.
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« for both waves. Within integrated waveguides, optical modes may have very different loss
parameters, though in the case of low losses, this is typically a reasonable approximation.
As in the case of BSBS, if we neglect pump depletion, these equations for two-tone Brillouin
couplings produce exponential gain of the signal wave.

We consider a pump wave with incident power Pg and signal wave with power PSO injected
into the same SIMS-active waveguide at z = 0. Assuming that P0 <« Pg and [aL] < 1, the

pump and signal powers at any point z within the waveguide are given by

Py(z) = Ple=t0), (2.66)

Py(z) = Pe(GFR-2)(2), (2.67)

The signal-wave amplification exiting the waveguide at 2 = L is

%sf) = (G-l (2.68)
These equations represent linear optical amplification of the signal wave with an exponential
gain factor e(©Bh v ~)L jdentical to the BSBS case. In contrast to BSBS, however, the large-
signal spatial dynamics are modified. While Eqs. 2.64-2.65 can produce near-complete
unidirectional energy transfer from the pump to signal wave as in BSBS, these equations
can be solved exactly for closed-form solutions without the use of a transcendental equation
as in Eq. 2.47.
We begin solving Eqgs. 2.64-2.65 with a change of variables P, = e~ **Qp, Ps = e~ **Qs.

This substitution results in the equations

% np@ue, (2.69)
8 S —az
22— GaQpQue™ (2.70)

These coupled equations satisfy the conservation relation %Qz—p + % =0, so that Qp +Qs =

Pin) where P = P,(0) + Ps(0) is the total incident power. As a result Egs. 2.69-2.70 can
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be decoupled:

9Qp

5, = ~GBQp (P" = Qp) e™™, (2.71)
2 8 in —az
an = GBQs (P™ — Qs) e (2.72)

These equations are separable, and lead to the final solution

Pin e~z
P = _ 2.73
p(z) 1 + lljs(o)e_GIsz (e—az_]_), ( )
()
° Pine—az
Pi(z) = % . (2.74)
1+ felfea (7D
In the absence of loss, these expressions simplify to the form
Pin
Py(z) = — (2.75)
P 1+ %%)FCGBPmZ
Pin
Py(z) = (2.76)

e

These equations describe unidirectional energy transfer from the pump to the signal wave.
In the case of equal incident powers for the two waves, a gain-power-length product of
GeP"z > In(3) =~ 1.1 is necessary for 50% energy transfer from pump to signal, and

GpP™™z > 5.3 is necessary for 99% energy transfer.

SIMS Ring Laser Theory

Because SIMS produces single-sideband Brillouin couplings, and hence stimulated phonon
gain, it can be used to create Brillouin ring lasers, provided that Brillouin gain is greater
than linear loss in the system. A ring laser of this type is investigated experimentally in
Chapter 5.8. Here, we briefly study the dynamics of Eqgs. 2.64-2.65 within a ring cavity,
and derive the steady-state laser output power from boundary conditions. Due to the role

of interference when considering the cavity couplings, we rewrite these equations in terms
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of the complex power amplitudes:

Oayp

5 = —gap|as[2 — Bpap, (2.77)
da,
o = glapl*as — fas. (2.78)

Here g = GB/2 is the amplitude Brillouin gain coefficient, and fs and B, are the linear
amplitude losses for the pump and Stokes waves. Optical powers are normalized such that
P; = |a;|?. These waves are assumed to propagate in a ring geometry of circumference L,

with a point coupler setting the boundary conditions between z = L and z = 0 as follows:
as(0) = r(1 — v5)e™aq(L), (2.79)

ap(0) = p+ 1p(1 — p)ePap (L). (2.80)

Here rs and rp, are the fractions of ap and as which are re-injected into the ring. ~s and
vp are coupler losses for each field, and p is the pump field injected into the cavity. ds =
(nsL/c)(As) and 8p = (npL/c)(Ap) are the round-trip accumulated phase differences due
to frequency detunings Ag and Ap from the respective cavity modes in terms of the pump
and Stokes-wave phase indices np and ns.

We can solve analytically for the steady-state solution to these equations when linear
losses are the same rate 8 for both fields, and both are on-resonance with their respec-
inc

, Where a'™¢

tive passive cavity modes. In this case, p = /1 —r2a is the pump field
incident on the coupler. Above threshold, lasing can initiate from thermal noise through
resonant amplification of ag, which is seeded through thermal Brillouin scattering. The

spatial coupled-amplitude equations and boundary conditions become:

da

—a; = —gapaz — Bap, (2.81)
da
st = ga%as — Bas, (2.82)
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as(0) = rs(1 — ys)as(L), (2.83)
ap(0) = p+rp(1 — yp)ap(L). (2.84)

For simplicity of notation, we have neglected an overall phase factor for the optical waves,

i.e. |a;|? = a?. Dividing by a, and as in equations 2.81 and 2.82, respectively, we have:
! p

1 Oayp

—_— = = 2 —

P gas — B, (2.85)
1 3&5 _ 2
a_s_az = gap ﬂ (2'86)

Dividing 2.86 by 2.85 and cross-multiplying, we find

(—gas — aﬁ)aas = (—gap — :ip)aap. (2.87)

S

Integrating both sides leads to the expression

I o=gp(ted) = ¢, (2.88)
Gs

Equation 2.88 specifies a constant ¢ that describes the evolution of a, and as in phase-space.
This will be one of two equations used to determine the steady-state values of ap and as.

Summing equations 2.81 and 2.82 leads to an energy conservation condition:

day, Oas

QPE—-FQ,SE = —f)’(ai-}-ag), (289)
1 B(al% + a2))
Integrating both sides,
aZ(L) + a2(L) = e~ (a2(0) + a2(0)). (2.91)

This equation relates the wave amplitudes before and after the point coupler and results
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from the fact that energy is only lost due to propagation loss in this system. Another

equation relating the waves at this boundary can be written from equation 2.88:

ap(L) & (a2(m)+a2(D)) _ @p(0) & (a2(0)+a2(0))
oD’ O | .

This expression can be simplified by inserting Eq. 2.91 into the exponential term and

substituting boundary equations for the two waves from Egs. 2.83-2.84:

ap(L)rs(l— %)  _ 37 ((1=e*P2) (a3 (1) +a2 (1)) (2.93)
B+ 1p(1 = vp)ap(L)
We eliminate as from this equation by substituting the boundary conditions from Egs.

2.83-2.84 into Eq. 2.91:

et 7p(1 = ) ap(L))” — ap(L)

2
L) =
as( ) 1 _ 7‘3(1 _ ,YS)QB._QﬂL

(2.94)

Finally, substituting Eq. 2.94 into Eq. 2.93 leads to a single equality in terms of (ap(L)).

e—2BL ro(l— 2, 2—a2
N (TR Cs = )
wr = yplap(D) :

(2.95)

This expression can be solved numerically to find ap(L), which then defines Ps(L) = a2(L)

through Eq. 2.94. Output pump and signal powers are related to these quantities as
P = a2 (L)(1—r3)(1 — %)% (2.96)

Bt = a3 (L)(1 = rp)(1 — ). (2.97)

These equations describe the steady-state input-output response of the Brillouin ring laser.
One interesting result of this analysis is that the slope efficiency of the SIMS ring laser is
highest just above threshold. Far above threshold, pump depletion due to strong Brillouin
coupling around the ring cavity reduces the effective slope efficiency. Eqs. 2.94-2.97 can be

used to choose cavity parameters and designs that optimize laser performance.
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2.3 Modal Picture of BSBS, FSBS, and SIMS

In this chapter, we have explored three types of SBS processes within optomechanical
waveguides, and seen how they offer distinct (and complementary) dynamics based on their
respective traveling-wave phase-matching conditions. In summary, we now examine how
these various interactions occur within a sample system. This illustrative example is shown
in Fig. 2.7, where we consider the interacting modes and optical forces for SBS couplings
within a rectangular silicon nanowire with cross-sectional dimensions 1000x230 nm. This
optomechanical waveguide supports multiple optical and elastic modes, which may interact
through bulk- and boundary-induced optical forces.

Firstly, the BSBS interaction is diagrammed in Fig. 2.7a. Counter-propagating pump
and Stokes waves (approximate wavevectors k and —k, respectively) frequency-detuned by
the Brillouin frequency Qg are guided in the fundamental spatial waveguide mode. These
waves interfere to produce a time-harmonic electrostrictive body force. While in general
this force has components in all spatial directions, the longitudinal component, mediated
by the p12 photoelastic tensor coefficient, typically plays the dominant role. Additionally,
radiation pressure exerts forces perpendicular to the waveguide boundaries, which may play
a role within tightly-confined geometries. BSBS couples through traveling elastic waves
with wavevector 2k. Once such acoustic phonon mode, with a primary strain field in the
longitudinal direction, is plotted in the bottom row of Fig. 2.7a.

Intra-modal FSBS, diagrammed in Fig. 2.7b, couples two frequency-detuned optical
waves guided within the same spatial mode. These modes excite transverse optical force
profiles through electrostriction (mediated by the pi; photoelastic tensor component) and
radiation pressure, which couple to transverse elastic ‘breathing’ modes (acoustic wavevector
near zero). Note that these acoustic modes only exist within systems that possess transverse
acoustic confinement (i.e. waveguiding). As we saw in Section 2.2.2, FSBS interactions
produce coupled-wave dynamics that are quite different from the exponential gain behavior
of BSBS, leading to energy transfer between multiple coupled optical fields.

Within multimode optomechanical waveguides, such as the micron-wide silicon nanowire,

inter-modal Brillouin couplings may also occur. Fig. 2.7c diagrams the components of
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Figure 2.7: Modal picture of stimulated Brillouin scattering processes in a sil-
icon waveguide. The various component parts of SBS are plotted for three different
processes within a 1000x230 nm silicon nanowire, (a) In backward intra-modal SBS, non-
linear coupling occurs between two light waves guided in the same optical mode (with
approximate wavenumber k) but traveling in opposite directions. These optical waves drive
time-harmonic optical forces through electrostriction and radiation pressure. The relevant
component of the electrostrictive force is in the z direction, and is mediated by the pho-
toelastic tensor component pi», while radiation pressure is always normal to the dielectric
discontinuities at the waveguide boundaries. These forces couple to a compressive-like elas-
tic wave with wavenumber 2k. Because this elastic mode also experiences motion in the
transverse direction, radiation pressure can play a role in the BSBS interaction in highly-
confined systems, (b) Intra-modal forward SBS occurs between two co-propagating light
waves guided in the same optical mode. These optical fields excite transverse optical forces
through electrostriction (through the pn tensor component) and radiation pressure, which
couple to an acoustic breathing-type mode with near-zero wavevector. (c) In inter-modal
forward SBS, two optical spatial modes with wavevectors k| and  excite traveling optical
force distributions through electrostriction and radiation pressure. While coupling through
transverse field components (i.e. through pn and boundary forces) is typically dominant,
longitudinal-wave couplings can play a significant role. These forces couple to a Lamb-like
elastic mode with wavevector k! —& .
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forward inter-modal SBS (SIMS); co-propagating pump and Stokes waves are guided in
distinct waveguide modes. Because these two optical modes have different effective indices,
they have distinct wavevectors k1 and k2. These light waves couple to propagating elas-
tic waves with wavevector k1 — ko. The SIMS interaction has aspects of both forward and
backward SBS. For example, electrostrictive coupling may be mediated through a com-
bination of p1; (transverse) and pi2 (longitudinal) photoelastic interactions. SIMS-active
elastic modes may experience displacement in either of these directions. As derived in Sec-
tion 2.2.3, SIMS produces two-tone couplings reminiscent of BSBS. However, because these
waves co-propagate, they lead to distinct spatial dynamics in the case of large Brillouin
couplings.

In addition to examining the role that geometry plays in SBS, the results of this chapter
also highlight the importance of material properties in shaping Brillouin couplings. Be-
yond controlling the shape and confinement of Brillouin-active elastic modes, the choice of
Brillouin-active medium, and in particular the material dielectric and photoelastic response,
directly impacts the SBS interaction strength. In the coming chapters, we explore exper-
imental demonstrations of SBS in silicon, where |p1;| is more than five times larger than
|p12]. As a result, Eq. 2.25 suggests that FSBS should be more than an order of magnitude
stronger than BSBS in silicon. With further study, new techniques may allow direct tailor-
ing of a material’s photoelastic response, enabling further degrees of control over a variety

of Brillouin- and Brillouin-like interactions.
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Chapter 3

Forward Brillouin Amplification in

Silicon Membrane Waveguides

3.1 Introduction

Silicon has gained considerable attention as the leading material for integrated photonics
due to its compatibility with existing semiconductor fabrication infrastructure and good
transparency in the near- and mid-infrared [235]. Furthermore, silicon’s high refractive index
permits light to be confined and routed using compact optical waveguides that support tight
bends. However, silicon lacks a x» nonlinearity, precluding direct electro-optic modulation
in silicon. Furthermore, silicon has an indirect bandgap, forbidding light emission. As
a result, the use of innovative strategies is necessary to produce useful nonlinear optical
devices in silicon. Typical approaches include hybrid integration with other materials or
using the Kerr effect.

An alternate approach is to utilize nonlinearities based on photon-phonon couplings.
Such nonlinearities can be classified as either Raman or Brillouin interactions, which couple
light to optical or acoustic phonons, respectively. While silicon-based Raman amplifiers and
lasers have been demonstrated, the large Raman frequency shift (15.6 THz) is not amenable
to many signal-processing applications. Furthermore, linear and nonlinear propagation

losses limit effect sizes for these types of nonlinearities or necessitate electrical removal of

51



Figure 3.1: Substrate-induced acoustic dissipation, (a) diagrams the cross-section of
a typical silicon-on-silica waveguide geometry, (b) is a simulation demonstrating how elastic
waves driven in the silicon waveguide core rapidly radiate into the substrate, (c) depicts
a possible waveguide design for both light and sound where the silica substrate has been
removed. Image credit: Peter Rakich. Panel (c) is from Ref. [195].

optically-generated free carriers [236].

Brillouin nonlinearities provide an attractive platform for optical gain [194,237], sig-
nal processing and filtering [150,151,159-161,163,238], nonreciprocal processes [157,188,
207,239], frequency synthesis [148,152-156,186,240], and metrology [96,98]. Further-
more, stimulated Brillouin scattering (SBS) interactions couple optical waves separated
by technologically-relevant frequency shifts in the MHz-100 GHz range. However, despite
more than a decade of research in silicon photonics, SBS was until recently considered ab-
sent in silicon waveguides [195,241]. This contrasts sharply with glass-based fibers, where
Brillouin scattering is orders of magnitude stronger than Kerr and Raman interactions [75].

The absence of SBS in traditional silicon-on-insulator waveguides (Fig. 3.1a) can be
understood from two reasons. First, the p12 component of silicon’s photoelastic tensor,
which mediates backward SBS interactions, is much smaller in silicon than in most materials,
resulting in a weak electrostrictive and photoelastic effect. Furthermore, due to the slower
speed of sound in silica as compared with silicon, sound waves generated through SBS
immediately radiate from the active waveguide into the substrate, preventing the creation
of strong elastic fields necessary for efficient SBS (Fig. 3.1b) [195].

As a result, two innovations were necessary to observe strong Brillouin nonlinearities
in silicon. The first is the removal of the insulator around the waveguide to confine sound

to the silicon core (Fig. 3.1c). The second is the use of a forward SBS interaction, which

52



had previously only been observed in optical fibers [175,176,186]. This effect couples
co-propagating optical waves to cutoff acoustic phonon modes and relies on a different
photoelastic tensor element from BSBS, pii. In silicon, p11 is more than five times larger
than pig, resulting in a thirty-fold comparative enhancement in Brillouin coupling [70,227].

Forward SBS was first observed in silicon in Ref. [196] using silicon optical waveguides
embedded within a silicon nitride membrane. In this suspended structure, the nitride mem-
brane is patterned with slots which act as phononic mirrors. Using this design, nonlinear
gain coefficients Gg > 2000 W !m™! were demonstrated. Subsequent works demonstrated
nanopillar {197] and suspended nanowire [218] waveguides with increased nonlinearities
up to G ~ 10* W~ lm~!. However, despite the realization of record-high nonlinearities
in silicon, linear and nonlinear losses hindered the demonstration of optical amplification
in these structures. Only Ref. [218] demonstrated gain that could balance optical loss,
achieving 0.5 dB of amplification at ~40 mW pump powers. Furthermore, in nanoscale
waveguides, Brillouin amplification diminishes with longer interaction lengths due to issues
of dimensionally-induced inhomogeneous broadening [242]. These experimental and theo-
retical analyses suggested that large net amplification is fundamentally difficult to achieve
in silicon waveguides at near-infrared wavelengths [243], posing a challenge to the creation
of practical Brillouin-based amplifiers and lasers in silicon.

In this section, we describe the development of a new optomechanical silicon waveg-
uide which supports significant (>5 dB) net Brillouin amplification, with a low (<5 mW)
threshold for net gain [219]. This performance is possible due to the low linear (<0.2
dB/cm) and nonlinear losses and large nonlinear coefficient (Gp > 102 W~Im™1) of this
structure. This device is fabricated from pristine crystalline silicon with no doping or active

1 asis commonly necessary for Raman amplifiers and

removal of loss-producing free carriers
lasers [236,244]. This demonstration of strong Brillouin couplings in an ultralow-loss silicon
waveguide opens the door to high-performance Brillouin amplifiers and signal processing

technologies within silicon photonic circuits.

1. Doping of silicon may be used to shorten free-carrier lifetimes, at the expense of increased linear optical
absorption. Likewise, active sweeping of free carriers from the waveguide cross-section may be accomplished
by an external electric field. However, this increases power consumption and fabrication complexity.
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Figure 3.2: Suspended membrane waveguide design, (a) shows a schematic of the
continuously-suspended optomechanical waveguide, with a cross-section of the active region
sketched in (b). (c) diagrams relevant device dimensions. The device guides optical waves
in the TE-like mode whose Ex field is plotted in (d). The resulting electrostrictive force
from this mode has an x —eomponent whose spatial character is plotted in (e). (f) Plots the
normalized displacement of a 4-GHz elastic mode to which this force strongly couples, (g)
plots a scanning electron micrograph (SEM) of the device cross-section, (h-i) plot SEMs of
the top-down view of the device. Adapted from Ref. [219].
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3.2 Silicon Membrane Waveguide Design

In order to support low-loss propagation of light and tight confinement of sound, we use
an optomechanical waveguide geometry which permits separate control of light and sound
waves. The device concept is similar to that of Ref. [196]; however, instcad of using a silicon
core inside a silicon nitride membrane, the entire device is fabricated from a single-crystal
silicon layer using a standard SOI fabrication process. The design of this optomechanical
silicon waveguide is plotted in Fig. 3.2a-c. The structure consists of a suspended silicon
membrane with a ridge waveguide in the center. This structure permits tailorable guidance
of light and sound waves to optimize and tailor their interaction—while light is confined to the
1-um-wide ridge waveguide core, elastic waves extend throughout the 3-pm-wide membrane.
The low-loss TE-like (transverse electric-like) guided optical mode at A = 1550 nm has the
x-directed electric field profile plotted in Fig. 3.2d. Figure 3.2e plots the corresponding
electrostrictive optical force generated by this mode; these optical forces mediate efficient
coupling to a guided phonon mode at ~4 GHz frequencies whose displacement amplitude
is plotted in Fig. 3.2f.

Scanning electron micrographs of the device as-fabricated are plotted in Fig. 3.2d-
i. Each suspended region (as seen in Fig. 3.2i) is supported by periodic nanoscale (500
nm) tethers placed every 50 pum along the waveguide length; this design enables robust
fabrication of cm-long suspended waveguides. For more details on the device fabrication

process, see Appendix A.

3.3 Nonlinear Absorption in Silicon Waveguides

Within silicon waveguides, several forms of nonlinear optical losses are possible, which can
hinder device performance at high guided-wave powers. At telecommunications wavelengths
(around 1550 nm), the dominant effects are two-photon absorption (TPA) and free-carrier
absorption. The former results from two photons being absorbed to excite an electron from
the valence band to the conduction band through a phonon-assisted transition, resulting
in a nonlinear effect that is third-order in electric field amplitude (i.e. is a chi® process).

Excited free carriers can then absorb light through intraband optical absorption called
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TPA-induced free-carrier absorption (FCA), resulting in a fifth-order nonlinear loss. At
high power levels, this absorption often dominates over the third order nonlinear loss.

Two-photon absorption is related to the Kerr nonlinearity through the Kramers-Kronig
relations and can be described by a material parameter which is the imaginary part of the
nonlinear refractive index ng. In silicon, this value is around Srpa = 1 cm GW™! at 1550
nm [245,246]. The effective absorption coefficient (in units of inverse length times inverse
guided-wave power) for a propagating optical mode can be estimated as Srpa/Aef, Where
Agg is the effective mode area. A detailed calculation which takes into account the full-
vectorial nature of tightly-confined electromagnetic modes is presented in Refs. [241,247].

The strength of the free-carrier nonlinearity depends on the steady-state free-carrier
population, which is a function of the free-carrier generation rate and excited carrier lifetime
[248]. The free-carrier density can be found from the rate equation

dN(t)

_ Brea 9.,
& 2hw O

N(t)
dt T

T

3.1)

where w is the photon frequency and 7 is the effective free-carrier lifetime [248]. This free-
carrier population changes the real and imaginary parts of the material refractive index, the
latter of which results in an excess optical absorption. Methods to calculate the strength
of this absorption are studied using a Drude-Lorentz model in Refs. [248,249], or a Drude-
Sommerfeld model in Ref. [250].

The propagating power evolution for a single pump field in a silicon waveguide can be

described by the differential equation

dP,
—2=-aR — R — P (3.2)

where « is the linear loss and v is the guided-wave free-carrier absorption coefficient. In
the presence of a strong pump field within a single-mode waveguide, induced cross-field

nonlinear absorption results in a power evolution for a weak probe or signal field of

dP,
d—; = —aP, — 28P,Ps — yP2P.. (3.3)
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3.4 Characterization of Optical Loss

In order to achieve robust Brillouin amplification, low linear and nonlinear losses are neces-
sary. We first quantified the linear propagation losses ofthe suspended membrane waveguide
through modified cutback measurements-several waveguides of different lengths were fab-
ricated on the same chip, and their total transmission was measured. The resulting loss
measurements are plotted in Fig. 3.3a. These measurements correspond to a linear propa-
gation loss of 0.18 £ 0.02 dB/cm (linear loss coefficient a = 4.1 = 0.5 m_1), with insertion
losses of 6.5 dB/facet from integrated grating couplers used to couple light on-chip.

These low linear losses are possible due to the relatively wide ridge waveguide design
and separate geometric confinement of light and sound waves. The relatively shallow 80 nm
ridge structure minimizes interactions between the optical mode and rough sidewalls [251].
Furthermore, the nanoscale tethers which suspend the structure are spatially separated

from the optical mode area and do not contribute to scattering loss.
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Figure 3.3: Silicon membrane waveguide propagation loss measurements (a) Total
transmission loss of a low-power probe as a function of waveguide length for a series of test
waveguides. Red line is a fit corresponding to a linear loss of 0.18 dB/cm. (b) Observation
of nonlinear loss as input power is increased. Red line is a fit to Eq. 3.2. All measurements
are at an optical wavelength of 1550 nm. Adapted from Ref. [219].

In order to characterize the nonlinear absorption in the optomechanical silicon waveg-
uide, power-dependent transmission measurements were carried out within the device.

These measurements, showing output optical power as a function of input power, are plot-
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ted in Fig. 3.3b for incident on-chip powers up to 72 mW. To extract the corresponding
nonlinear FCA coefficient, we first begin by theoretically calculating the nonlinear absorp-
tion due to TPA using the full-vectorial method of Ref. [247]. Assuming bulk nonlinearity
values of ng = 4.5 x 107 m W1 and Brpa = 7.9 x 10712 m W—! [245] along with finite
element simulations of the optical mode field profiles using the commercially-available pack-
age COMSOL, we found a guided-wave nonlinear Kerr coefficient v, = 110+ 17 m~IW~1
and two-photon absorption coefficient 8 = 48 & 14 m W1,

The measured value of the linear loss o and calculated value of two photon absorption
p are used along with the model in Eq. 3.2 to fit the data in Fig. 3.3b and determine
the value for the fifth-order FCA loss coefficient . The corresponding fit is plotted as the
red line, showing good agreement with measured data. These data correspond to a free-
carrier absorption coefficient v = 2550 + 450 m~!W~2. This value is more than an order
of magnitude smaller than that reported for Brillouin-active nanowires in [197], where such
losses were a fundamental limit to Brillouin amplification. In the following section, we will
see that this dramatically improved fifth-order loss is due in part to passive reductions in

the effective free-carrier lifetime.

3.5 Measurements of Free-carrier Lifetimes in the Silicon

Optomechanical Waveguide

In this section, we estimate the effective lifetime of excited free carriers within the sili-
con waveguide through two different combinations of experimental and theoretical analy-
ses. The first is using the measured value of vy and calculated and measured experimental
parameters along with a steady-state model. The second method is by using dynamic
frequency-dependent modulation of the free-carrier density and measuring its effect on non-
linear four-wave mixing. These measurements show that the ridge waveguide structure
allows for dramatic reduction of the free-carrier lifetime compared to bulk values through
the effects of surface recombination and in-plane carrier diffusion [249]. These reduced non-
linear interactions permit low-loss propagation of light even at high guided-wave powers,

which ultimately allow robust Brillouin amplification to occur in this device.
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3.5.1 Steady-state Free-carrier Absorption

Under the condition of continuous-wave (cw) illumination, the steady-state free-carrier pop-

ulation density from Eq. 3.1 is

_ Breat [ Pp\?
AN = S2A ( ) (3.4)

As before, P, is the optical pump power and A.g is the optical mode effective area. This
free-carrier concentration induces an electro-optic absorption apca = 'yPg with units of
inverse length approximately given by: [252]

A 2
arca = 1.45 x 10717 <ﬁ,‘g> AN (3.5)

where ) is the optical wavelength in microns and AN is the density of electron-hole pairs
from Eq. 3.4. Comparing this expression with the measured value for the free-carrier
absorption coefficient and known parameters of the system leads to an estimated carrier
lifetime 7 = 2.2 ns, a large reduction relative to bulk values of >10 ns. We next corroborate

this measurement through a dynamic modulation measurement of the free-carrier density.

3.5.2 Four-wave Mixing Modification by Free-carrier Modulation

In addition to acting as a source of nonlinear absorption, the free-carrier nonlinearity modi-
fies the real part of the material refractive index. However, in contrast to the Kerr nonlinear-
ity which is practically instantaneous, the free-carrier nonlinearity responds at a rate limited
by the relatively long free-carrier lifetime. We exploit this effect to measure the frequency-
dependence of the index modulation strength due to this nonlinearity, and thereby provide
an additional estimation of the free-carrier lifetime.

The experimental approach is as follows: Two bright pump fields with power amplitudes
A; and A of equal magnitude and separated by a difference frequency 2 are incident in the
silicon waveguide. These waves produce free carriers through two-photon absorption with
a time-harmonic modulation at this same frequency. A third probe field with amplitude A4

at a frequency far detuned from the pump waves is injected into the waveguide simultane-
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ously, and experiences phase modulation due to the time-dependent free-carrier population,
transferring light to red-detuned (Stokes) and blue-detuned (anti-Stokes) sidebands with
amplitudes As and As, respectively, with relative frequencies of ££2.

The TPA-induced free-carrier population creates refractive index and absorption modi-

fications proportional to the change in carrier density [252]:

e2\? AN, ANy e2\? 1 1
An = — N —————— | —+ —| AN =Q- - AN .
n 8 m2ce,n [ Me + mp ] 8 m2c2e,n [me + mh] @ » (36)
e3\2 AN, ANy e3\2 1 1
Aa 4 w2c3¢on [mgue m,zuuh] 4 m2c3eon [mg/je m%uh] N=v (8.7)

Here e is the fundamental charge, AN, and ANy, are the modifications in electron and
hole densities, m, and my, are the effective electron and hole masses, and p. and uy are
their mobilities.

The time-harmonic free-carrier generation at frequency (2 is written as
AN (t) = Re{N () e ¥}, (3.8)

where the complex-valued carrier modulation is

- 4B1pa|A1|%|A2|?
() - Ll

-0 (3.9)
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With these equations, the five-field coupled-amplitude equations can be written as:

dA;

L =in [[A1|2+2|A2|2+2|A4|2} A (3.10)
Z

dAy

L =i [ A2 + 241 + 2144 - 4, (3.11)
Z

dAs ., . w Q V] =,

dAs

d—z‘* = im [|A4|2 + 2|44 +2|A2|2] - Ay (3.13)

dA5 . % W Q Vv -~

E- = (2’YFWM) A1A2A4 + |:’L-E 5‘ + Z} -N (Q) . A4 (314)

Here -y is the complex third order nonlinear coefficient, including both Kerr and associated

TPA. yewMm = Re{y} is the nonlinear coefficient for third-order four-wave mixing. These
equations include the effects of self- and cross-phase modulation for incident pump and
probe waves Aj, As, and Ay, and the four-wave mixing and free-carrier nonlinearities for
the generated sidebands.

Experimental characterization of these effects is carried out using the apparatus dia-
grammed in Fig. 3.4a. Two strong puinp waves around 1550 nm and separated in frequency
by € are generated from the same laser using a null-biased intensity modulator driven at
/2 by a microwave frequency synthesizer. These waves are combined with probe light at
1535 nm in a fiber wavelength-division multiplexer and coupled on-chip, where nonlinear
energy transfer occurs. The resulting signal is routed off-chip and passed through an inter-
ference filter which rejects light at the pump wavelength, and passes only modulated probe
light. This signal is combined with a frequency-shifted local oscillator synthesized from
the probe laser using an acousto-optic modulator and combined on a fast photoreceiver to
perform heterodyne spectral analysis in the microwave domain.

Fig. 3.4b plots the power in each of the nonlinearly-generated probe sidebands (with
relative frequencies of +0) as a function of modulation frequency. While the sidebands
exhibit an asymmetry in their frequency response due to the relative phases of competing

nonlinear effects, both are enhanced at low modulation frequencies where the free-carrier
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population responds strongly. These data are fit to the model of Eqs. 3.5.2 with reasonable
values used for the various electronic parameters in the model, and a best-fit free-carrier

lifetime of 2.3 ns.
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Figure 3.4: Free-carrier-induced modulation (a) Diagram of the heterodyne four-wave-
mixing experiment. The photoexcited free-carrier density is modulated by strong pump
fields separated by frequency P, resulting in nonlinearly-induced phase changes to the probe
beam. An acousto-optic modulator provides a reference held for heterodyne detection, (b)
Traces for measured anti-Stokes (blue, upper curve) and Stokes (green, lower curve) signals
and corresponding theoretical curves as a function of pump modulation frequency. Several
Brillouin resonances, which produce narrowband acousto-optic phase modulation, are also
visible. The total input power is around 70 mW. Adapted from Ref. [219].

3.5.3 Passive Reduction of the Free-carrier Lifetime

These measured free-carrier lifetimes are orders of magnitude smaller than values for lightly-
doped bulk silicon, which are typically ~100s of ns. This reduction can be attributed to at
least two effects: First, due to the small thickness of the silicon ridge waveguide, surface
recombination at the boundaries leads to a reduction in the effective carrier lifetime [253].

However, this effect is more dramatic if surfaces are of poor quality, which is not necessarily
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the case in our low-loss ridge waveguides. A more dramatic benefit is likely supplied by
the ridge waveguide geometry; while high carrier densities are generated in the waveguide
core, these excited free carriers rapidly diffuse into the membrane. This in-plane diffusion
permits dramatic passive reduction of the effective free-carrier lifetime, which decreases
of the effective free-carrier loss [249,253]. Further optimizations of the waveguide cross-
sectional design may further reduce the free-carrier lifetimes.

An alternate (or complementary) approach to mediate free-carrier losses, which we did
not utilize in this structure, is the active removal of free carriers by placing an electric
field across the device. This is commonly done by placing a reverse-biased p-i-n junction
across the waveguide core to achieve high field intensities. While this approach has been
extensively used in Raman lasers and amplifiers [236, 244, 254], it leads to high electrical

power dissipation and so is not suitable for all applications.

3.6 Forward Brillouin Gain: Coupled-amplitude Equations

To model the coupled-wave dynamics of FSBS in the silicon membrane waveguide, we
leverage the coupled-amplitude formalism of Section 2.2.2 and Ref. [233], and include the
effects of linear and nonlinear absorption from Egs. 3.2-3.3. Through FSBS, Stokes (red-
shifting) and anti-Stokes (blue-shifting) processes are intrinsically linked since they couple
through the same phonon. The resulting coupled power-amplitude equations, including the

effects of nonlinear loss from a strong pump wave, are:

da, —GgB 1
8zs T2 (aph™) = D) (a + 2:8|ap]2 + 7|apl4) s, (3.15)
0 G 1
T~ ZB (44h — aasb™) — = (@ + Blapl? +lap|*) ap, (3.16)
0z 2 2
Oa GB 1
Dae _ 9B (a8) — £ (o + 26lapl? + 7la) am (3.17)
b= agap + ayas. (3.18)

Here the optical powers are normalized such that P; = |a;|?, and Gg is the Brillouin gain
coefficient. These equations predict small-signal Stokes gain factor of Ps(z)/Ps(0) = 1 +

GpPpz+(GpPpz)?/4 according to Eq. 2.54, but this gain is expected to saturate at moderate
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powers due to nonlinear absorption.

3.7 Experimental Observation of Forward Brillouin Amplifi-

cation

In order to determine the net optical amplification supported by the silicon membrane
waveguide, we first experimentally examine the small-signal Brillouin gain to quantify the
intrinsic Brillouin coupling strength. Combining these gain measurements with the prior
studies of linear and nonlinear loss, we then calculate the total on-chip amplification.

The experimental apparatus used to perform direct gain measurements is diagrammed
in Fig. 3.5a. Light at frequency wp from a tunable narrow-linewidth semiconductor laser
is passed through an intensity modulator driven by a microwave frequency synthesizer at
frequency 2 to produce frequency-detuned sidebands at wy, & €2. An erbium doped fiber
amplifier is used to boost the intensity of these waves and the unwanted +Q sideband is
filtered out using a fiber Bragg grating (FBG) notch filter. As a result, what remains is a
strong pump at frequency w, and weak signal wave at frequency ws = wp — Q synthesized
from the same laser. Throughout these small-signal gain experiments, the signal wave power
is 30 dB smaller than that of the pump wave.

Light is coupled on chip using integrated grating couplers, and passed through a narrow
tapered bend region to eliminate any higher-order modal content. This coupling method
ensures that only the fundamental TE-like optical mode is present on-chip. After light
passes through the active device region, it is coupled off-chip, passed through an optical
isolator, and any light scattered to the blue side of the pump wave is rejected by a notch
filter identical to the first FBG. This is used because the forward-SBS process produces a
form dual-sideband gain where pump energy is transferred to both red- and blue-shifted
sidebands; the additional filter removes the output anti-Stokes light. To measure the power
of the transmitted signal, pump and signal waves are both incident on a fast photoreceiver.
These two fields interfere to create a microwave signal at their difference frequency. In
this way, we can characterize the transmitted signal power as a function of pump-probe

frequency detuning Q2 with sub-Hz resolution, which is otherwise not possible with optical
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spectral analysis.

The total power of the RF beat note between pump and Stokes waves is proportional
to PpFs, the product of pump and signal wave powers. As {2 is swept through the Brillouin
frequency Q2 of the device, the intensity of the beat note grows proportionally to the Stokes
gain of the device.

In the presence of pump and signal fields at the detector, the total electric field amplitude
is

E(t) = Epcos(wpt) + Escos (wst + ¢) . (3.19)

Where E;, and Es are the pump and signal field intensities, and ¢ is an arbitrary phase

term. The resulting photocurrent is
. 2 1 2 1 2
i(t) o< (E? (1)) = EEP + §Es + EpEscos ((wp —ws)t — @) . (3.20)

Here time averaging has been applied for sum-frequency terms that are much faster than the
detector bandwidth. The corresponding RF power at frequency Q = wy, —ws is proportional
to the square of the photocurrent:

PRF - ’r]PpPS (321)

where 7 is a coefficient of proportionality that takes into account the detector responsivity
and gain and coupling losses between waveguide and detector.

As the signal is swept through the Brillouin resonance, it increases in power:
Prr () = 0Py (P2 + AP () . (3.22)

This change in signal intensity is referred to as the Brillouin gain. To determine this gain,
the signal is normalized as

Pre () _ n AF () (3.23)

WhPY TR
This is equivalent to the case of a traditional power gain measurement, where P = Ps0 +
AP, (Q) is measured and Py/P9 = 1 + AP, () /PY. This experiment allows the measure-

ment of small-signal gain as a function of pump power, which, along with the linear and
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Figure 3.5: Experimental demonstration of Brillouin amplification, (a) Detailed di-
agram for the Brillouin gain experiment. Subpanels (i)-(iv) Illustrate the spectral content of
the different tones present corresponding to positions i-iv along the signal path. In diagrams
(i) and (iv), the modulation sideband is removed by a notch filter. Abbreviations: IM
Mach-Zehnder intensity modulator; EDFA erbium-doped fiber amplifier; NF notch filter;
DUT device under test; ISO optical isolator; PD fast photodetector; RFSA radio-frequency
spectrum analyzer/power meter, (b) Panels (i), (ii), and (iii) are gain spectra around the
Brillouin frequency obtained for pump powers of 21, 36, and 62 mW, respectively, (c) plots
peak gain (red), linear loss (dash) and total loss (green) versus on-chip pump power at 1550
nm wavelengths, (d) shows net amplification as a function of pump power. The threshold
for amplification is 5 mW. Adapted from Ref. [219].



nonlinear loss measurements, is used to determine net amplification in the optomechanical
silicon waveguide.

Figures 3.5b.i-iii plot the measured forward-SBS gain spectra for incident on-chip pump
powers of 21, 36, and 62 mW, respectively, around the Brillouin frequency 2 = 4.35 GHz
that corresponds to the resonance frequency of the acoustic phonon plotted in Fig. 3.2f.
These data reveal a high qualify factor (@ = 680) acoustic resonance with up to 6.9 dB of
optical gain at the highest tested pump powers. Repeated measurements of the the peak
Brillouin gain as a function of pump power are plotted atop net optical loss in Fig. 3.5c.
The optical gain is fit to a model that includes Brillouin coupling and optical losses (red
theory line) to determine a Brillouin gain coefficient of Gg = 1150 = 60 W~'m™! for this

-1 at

phonon mode, in good agreement with simulated Brillouin gain of 1020 & 190 W—!m
a frequency of 4.41 GHz obtained from finite element simulations.

Net Brillouin amplification, plotted in Fig. 3.5d, is calculated by subtracting the total
propagation loss (green) from the peak Brillouin gain (red) in Fig. 3.5¢. These data reveal
net optical amplification at on-chip pump powers above a threshold of 5 mW, and up to
5.2 dB of amplification at the highest tested pump power (62 mW). This amplification was
limited only be the available pump power from the EDFA and the power handling of the
narrow input mode filters. Amplification continues to increase as pump power is increased
through the tested pump power range, suggesting that further amplification is possible at
higher pump powers in devices with alternate integrated mode filter designs.

These results, made possible by the low linear and nonlinear losses of this 2.9 cm-long
optomechanical waveguide, enable a dramatic improvement in nonlinear performance over
prior designs, including a 30-fold improvement in net amplification over prior systems [218],
and a 40-fold improvement in total Brillouin coupling over Ref. [196]. The linear and/or
nonlinear losses of the suspended silicon membrane are an order of magnitude improved
over prior systems while maintaining strong (Gg > 10> W~'m™1) Brillouin gain, due to the

ability to separately engineer the optical and elastic modes of this system.
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3.7.1 Cascaded Brillouin Energy Transfer

The strong Brillouin couplings and high power handling of the membrane-suspended silicon
waveguide also permit a unique form of cascaded Brillouin energy transfer, as predicted in
Section 2.2.2. Because both Stokes- and anti-Stokes-shifted waves which participate in the
forward-SBS process couple to the same acoustic phonon mode, when strong energy transfer
occurs this same phonon can scatter light to successive cascaded orders through a Brillouin
cross-phase modulation process. These physics were previously observed in highly-nonlinear
microstructured fibers [186].

To observe this phenomenon in our silicon waveguide, we modify the gain experiment
(see Fig. 3.6) by removing the notch filters and null-biasing the intensity modulator with a
drive frequency §2/2 to produce two strong frequency tones (at optical frequencies wy +/2)
separated by , which is fixed to the Brillouin frequency shift Qg. After exiting the device,
the output light signal is combined with a frequency-shifted local oscillator with a relative
frequency offset of A/2m = 40 MHgz, so that each cascaded order can be identified as a unique
frequency beat-note in the microwave domain using a radiofrequency spectrum analyzer.

Fig. 3.6b.i-iii shows stem plots of the power amplitude of the optical tones at frequencies
of wp+(2n—1)Q2/2 for n = {-2,-1,0, 1, 2, 3} at three different total input powers, revealing
cascaded energy transfer from the input tones to higher-order frequency components. The
evolution of these powers as a function of total incident power is plotted in Fig. 3.6c. As
the input power is increased to a maximum of 65 mW, sighificant cascaded energy transfer
is observed from the input tones, including more than 60% power transfer from the n =1
order to other comb lines.

To quanitfy the strength of this cascaded energy transfer process, we define a relevant
figure of merit which is the gain-power-length product £ = G \/WLEH, where Py and P;
are the incident powers in fields n = {0, 1}, respectively, and Leg is the effective interaction
length taking into account linear and nonlinear losses. This figure of merit is relevant since,
in the absence of such losses, the amplitudes a,, of the output fields can be expressed exactly

as

an(€) = ap(0)e ™ D™ g, o () + a1 (0)e' ™= g, _5(¢) (3.24)
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Figure 3.6: Cascaded forward-SBS energy transfer (a) Diagram for the modified
forward-SBS experiment used to demonstrate energy transfer. Incident pump light is split
into two paths. In the upper path, light is passed through a null-biased intensity modu-
lator driven at a frequency D/2 to produce two tones separated by a frequency D that is
set to the Brillouin frequency Db- These two tones are amplified and passed through the
device. In the bottom path, light is frequency-shifted by 40 MHz using an acousto-optic
modulator, which is then combined with the output light from the device on a fast pho-
toreceiver for heterodyne detection. This technique allows the detection of each cascaded
frequency component as a unique microwave beat note whose power is measured using a
radiofrequency spectrum analyzer.. Abbreviations: IM Mach-Zehnder intensity modulator;
EDFA erbium-doped fiber amplifier; DUT device under test; PD fast photodetector; R.FSA
radio-frequency spectrum analyzer/power meter, (b) Panels (i), (ii), and (iii) are stem plots
of the normalized output powers as a function of frequency component order n for total
incident powers of 0.1, 26, and 65 mW, respectively. Red arrows denote incident light in
orders n — {0,1}. These data correspond to the three vertical slices denoted in blue in panel
(c), which shows theoretical calculations (lines) and measured amplitudes for pump fields
wo and (solid black, solid red) and first cascaded fields cj i and U2 (solid red, dashed
red) fields. Adapted from Ref. [219].
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where 1 is the phase difference between the two incident fields at the device input [186]. For
our experimental parameters, £ =0.71, corresponding to near-saturation of the n = 1 field
at its maximum value. As this value is increased further, for example by increasing pump
powers or device length, more cascaded frequency lines of comparable amplitude would
appear. Such processes may be used for wideband energy transfer and frequency/waveform

synthesis within integrated waveguides.

3.7.2 Potential for Further Amplification and Energy Transfer

In the experiments presented here, input powers were limited to a number of factors, in-
cluding input taper damage, the optical power available from external amplifiers, and input
coupling losses. Furthermore, fabricated device lengths were limited to <3 cm in early
designs. However, waveguides of the geometry used here can easily support guided-wave
powers > 150 mW [165,221]. Furthermore, low linear and nonlinear propagation losses per-
mit propagation lengths > 10 cm even at relatively high input powers. At a result, the same
waveguide parameters studied here could enable as much as 30 dB of net amplification for
devices 20 cm in length with improved input power handling. These same conditions permit
a figure of merit for cascaded energy transfer £ = 3.8, corresponding to energy transfer to
more than 10 orders of comparable strength.

Critically, scaling the performance of this device to longer interaction lengths is only
possible if dimensional broadening of the phononic resonance does not continue to dimin-
ish the Brillouin gain for increasing device lengths [196,197,218,242]. In Section 3.8, we
use an alternate experimental technique to corroborate the results presented here and to
characterize the Brillouin response of devices of various lengths to study these effects in the

suspended silicon optomechanical waveguide design.

3.7.3 Brillouin Gain and Loss

Within the same device, it is also possible to produce Brillouin loss of a blue-detuned probe.
In this configuration, the same experiment as Fig. 3.5a is used with a strong pump wave at
wp and an incident probe wave at the anti-Stokes frequency w,s = wp + Q. At low powers,

energy is transferred from this frequency component back to the pump wave, and also to
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a Stokes-detuned sideband at ws = ap —ft through concurrent Stokes scattering processes.
The resulting attenuation of the probe wave is plotted in Fig. 3.7a for pump powers of 21,
36, and 62 mW, respectively, reaching a maximum of almost -12 dB at the highest tested
pump powers. The strength of Brillouin gain and loss within the same device is plotted as

a function of pump power in 3.7b.

r ~
0-12-
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Figure 3.7: Brillouin gain and loss, (a) Plots Brillouin attenuation of a weak probe that
is blue-detuned from a strong pump wave by the Brillouin frequency shift. The three panels
are for pump powers of 21, 36, and 62 mW, respectively, (b) Plots the peak Brillouin gain
(black) or loss (red) with increasing pump power within the same device. Brillouin loss
becomes exceedingly strong at high pump powers since the generation of Stokes-scattered
light preserves the interaction strength as blue-detuned probe light is depleted. Adapted
from [219].

The increased strength of this Brillouin loss relative to the gain process is due to the
fact that FSBS energy transfer is intrinsically non-exponential since the driven phonon
strength is conserved through FSBS couplings. Thus, in contrast to BSBS-based loss, the
rate of energy transfer does not decrease as the probe wave propagates. If the pump power
were turned up further through these experiments, complete extinction of the blue-detuned
probe wave would be observed, after which the direction of energy transfer would reverse,

scattering light from up back to through anti-Stokes scattering.
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3.8 Coherent Anti-Stokes Brillouin Scattering Measurements

and Study of Resonance Broadening

Thus far, we have studied the Brillouin response of the silicon membrane waveguide through
direct optical gain and energy transfer measurements. In this section, we present an alter-
nate approach to characterize the Brillouin response of devices using a coherent anti-Stokes
Brillouin scattering (CABS) process. In analogy to coherent anti-Stokes Raman scattering
(CARS), CABS in principle provides a background-free measurement of the Brillouin non-
linearity. In practice, within highly nonlinear waveguides, other nonlinearities such as the
Kerr effect contribute to the measured signal. However, as we will discuss, this can pro-
vide a useful benchmark to compare the strength of the Brillouin nonlinearity to a known
reference.

The energy level diagram for the CABS process is plotted in Fig. 3.8a. Parametric
generation of a Brillouin-active phonon at frequency §2 is mediated by two waves with

frequencies wl()l) and ws(l) = wr(,l) — Q through a FSBS process. Incident probe light at a

disparate optical frequency wr(,2) can then spontaneously scatter from this excited phonon
and become blue-shifted through an anti-Stokes process to w? = wl(f) + Q. This results
in the generation of light at a new frequency, and unwanted light signals at the incident

frequency can be removed using a fixed-wavelength optical filter if desired.

3.8.1 Phase-matching for CABS and Four-wave Mixing

Phase-matching for CABS is plotted in Fig. 3.8c, with the acoustic dispersion relation of
the near-zero wavevector phonon which mediates this process plotted in Fig. 3.8b. The
optical dispersion relation is assumed to be linear over the range of frequencies used in this

experiment. The phase-matching requirement for the anti-Stokes process is:

k(W + Q) = k(W) + () (3.25)

where ¢(£2) is the wavevector of the parametrically-generated acoustic phonon. While

this phase-matching requirement is structurally identical to that of traditional SBS, ¢(f2) is
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Figure 3.8: Coherent anti-Stokes forward Brillouin scattering, (a) Energy level
diagram for the CABS process. Pump waves at frequencies cjpl™ and coherently excite
the system to an excited vibrational state (i.e. excite an acoustic phonon). Probe light

at frequency qf)z) absorbs this phonon through a Brillouin scattering process and is blue-

shifted to frequency w;(é). This coupling is mediated through an elastic cutoff mode whose
dispersion relation is sketched in (b). For intra-modal forward Brillouin scattering, this
mode has near-zero wavevector. (c) plots both energy conservation and phase-matching for
this process on top of the optical dispersion curve.

73



fixed by the wavevectors of the optical drive waves:

a(Q) = k(wl) — k(wl) - Q). (3.26)

However, as a result, the phase-matching requirements for this process are exactly the

same as for Kerr-induced four-wave mixing. The latter can be expressed as

kD) + k@) = kW - Q) + kWP + Q) (3.27)

where the phase-matching requirement states that the net wavevectors of the input and

output particle states must be equal. The right-hand side can be rewritten to first order as:
dk dk

Blw) + K@) = bwf) - 022 () + k@) + 0= (wf2) (3.28)

dw
In other words, so long as % (wl@ ) ~ g—’f—) (wi()l)) , Which is required for CABS, four-wave
mixing will also be phase-matched. This result is general even when different optical modes

are introduced, i.e. in the case of inter-band CABS and inter-band four-wave mixing.

3.8.2 Theory of CABS in the Presence of Four-wave Mixing

We briefly outline the coupled amplitude equations which describe the dynamics of CABS in
the presence of Kerr-induced self- and cross-phase modulation and four-wave mixing. This
treatment is similar to the treatment for free-carrier induced four-wave mixing in Section
3.5.2, except that we assume that optical powers are small enough that free-carrier-induced
fifth-order nonlinearities are negligible, and we now include the effects of Brillouin couplings
in the coupled equations of motion.

The CABS process is driven by two bright pump fields with power amplitudes A; and
Ag separated by difference frequency Q2. These waves drive a coherent phonon field whose
spatial evolution is determined by their intensity-beat note. This is equivalent to the ap-
proximation that the phonon field decays rapidly in space as compared to the length scale
over which significant optical energy transfer occurs.

In order to probe the dynamics of the driven phonon field through CABS, a probe field
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with amplitude A4 is simultaneously injected into the waveguide, and experiences phase
modulation due to the driven phonon field, transferring light to red-detuned (Stokes) and
blue-detuned (anti-Stokes) sidebands with amplitudes Az and As, respectively, with rela-
tive frequencies of £Q. In the following equations we have included the effects of pump
depletion due to Brillouin scattering, but not due to four-wave mixing—this is equivalent to
the condition that |A4A5| < |A1A42| and |A4As| < |A1A2], in other words that the probe
and generated four-wave mixing tones are small as compared to the pump fields. The full
four-wave mixing dynamical equations are derived in [75]. In practical spectroscopy mea-
surements, pump depletion from both processes is negligible. With these approximations,

the coupled amplitude equations of the five coupled waves can be written as [75,196,219]:

% = i || 41 + 2145l + 2144?] - A1 + () 14 4y (3.29)
% = i [[ 4ol + 2041 + 21 Aef?| - Ao +iv8() |41 42 (3.30)
%3 = i (27Fwm 75 (V) A1 4344 (3.31)
% =i [|A4|2 +2|A1* + 2|A2|2} - Ay (3.32)
%5 =i (2vrwMm + 7B (Q)) ATA244 (3.33)

When the Brillouin nonlinearity is mediated by coupling to a single phonon mode, its

frequency dependence can be approximated as:

_ Gs QB/2Q
)= 50T 0520

(3.34)

where (g is the Brillouin frequency corresponding to the acoustic phonon resonance, @ is
the quality factor of this mechanical resonance, and G is the peak Brillouin gain coefficient.

In the small-signal approximation, the optical power in the anti-Stokes field is given by
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|Asoutl” = w |78 () + 2yrwm|* PLPyPsL? (3.35)

where P; is the incident power in field A;, L is the device length, and w is a constant
determined by normalization of the optical fields. Note that here we have assumed that the
Brillouin-active and Kerr-active lengths of the device are the same. In the case of structures
that do not experience Brillouin coupling along their entire length, the effective Brillouin
gain should be normalized by a factor which is the ratio between Brillouin-active and total
device lengths [196,219].

While the Brillouin nonlinearity is sharply resonant, the Kerr nonlinearity is frequency-
independent over similar bandwidths. As a result, output spectra can be fit as normalized

relative to the constant FWM background as

|A-3,out|2 | i GB QB/2Q 2
{AQ?HZB 2= dypwm OB — 2 —iQ8/2Q | (3:36)
3,out

Here, ¢, is the relative phase between Kerr and background nonlinearities. The corre-
sponding response has a Fano-like lineshape typical of interference between resonant and
background scattering processes [255]. This lineshape can be fit to determine the Brillouin

resonance frequency, quality factor @, and the relative strength of Brillouin and four-wave

G
dyrwm

mixing nonlinearities

This technique has previously been used to characterize forward Brillouin coupling in
several studies [196,197,218|, where it was also referred to as a “heterodyne four-wave
mixing measurement” or “Brillouin cross-phase modulation.” Because the output signal of
the CABS process is directly proportional to the input powers and interaction length, rather
than appearing as gain on top of an optical input field, this technique allows measurement
of the Brillouin response with great sensitivity even when GgPL « 1, i.e. for small gain-

power-length products.
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Figure 3.9: Coherent anti-Stokes Brillouin Scattering data (a) and (b) Plot data (red
dots) and fits to Eq. 3.36 for CABS signatures on devices with lengths of 0.5 mm (a) and
29 mm (b). The shorter device displays a narrower intrinsic linewidth since it is experiences
less resonance broadening from fabrication variations along the device length, (c) Plots a
wideband sweep depicting the 29 mm device’s three strongest Brillouin resonances and their
simulated frequencies (red dashes). The background shape is due to the free-carrier effect
discussed above. Adapted from Ref. [219].

3.8.3 CABS Data

To further corroborate our experimental measurements of Brillouin gain, and to study
the effects of dimensionally-induced broadening as device lengths are changed, we perform
CABS spectroscopy of several Brillouin-active waveguides of different suspended lengths.
Experimental data on two such devices are plotted in Fig. 3.9. The first device, whose
dominant Brillouin response is plotted in Fig. 3.9a, has only 500 pm of its total length
suspended by tethers, and shows an intrinsic quality factor O ~ 1000 for the phonon
resonance based on a fit to Eq. 3.36. Fig. 3.9b plots the experimental response of the
device whose net optical amplification was characterized earlier. This fit gives a quality
factor Q — 680, and 47 M ~ 2.55. For this device, with simulated value of the Kerr
nonlinearity 7k = 110 W- 1Im-1, this corresponds to a Brillouin gain Gb = 1120 + 180
W m . Both of these numbers are in good agreement with those determined from direct
gain measurements. Fig. 3.9c plots a wideband scan showing the three strongest Brillouin
resonances in this device—the measured frequencies of these Brillouin-active phonons agree
well with computed frequencies from finite-element elastic simulations.

One word of caution is necessary when fitting experimental data to Eq. 3.36-especially

when signal-to-noise is poor. In practice, the Fano fitting function seems to be under-
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constrained without fixing one or several of the fit parameters to a known value. For
example, fits with different values of <+, fie, O, and 7 M can give lineshapes which are
qualitatively or even quantitatively similar. In one related test case where we numerically
simulated the dynamics of a system with fixed input values of all parameters except for the
phase (wand an additional phase mismatch term, fits to the numerical data which appeared
near-ideal gave parameter values for O and Gb which differed from their input values from

as much as 10%.

3.8.4 Dimensional Broadening of Brillouin Resonances

With the creation of the first Brillouin-active silicon waveguides, it was immediately realized
that fabrication variations along the waveguide can lead to effective broadening of the
resonant Brillouin response [196,242]. ,This effect leads to a decrease in the effective phononic
quality factor, and hence the Brillouin gain. This form of inhomogeneous broadening was
studied as a function of device length and dimension for silicon nanowires in Refs. [197,
218]. Due to variations in wafer thickness and fabrication (e.g. etch depth) over large
length scales, this effect is compounded as device length increases. As a result, Brillouin
amplification measured in micron- or millimeter-scale devices does not necessarily scale to

longer interaction lengths.

2 1000

T-i i b

5 10 15 20 25 50
Device Length (mm)

Figure 3.10: Dimension-induced broadening, (a) depicts the relevant dimensions which
define the waveguide cross-section, (b) plots the measured quality factors of the Brillouin
resonances of the 4 GHz phonon mode for devices of four different lengths. Adapted from

[219].
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One advantage of the membrane waveguide structure which we have mentioned prior is
that it separately confines light and sound. As a result, the transverse acoustic waveguide
can be made much wider than the optical waveguide—in the designs studied here, the acous-
tic waveguide width is 3x that of the optical waveguide. While this reduces the effective
Brillouin gain due to the reduced acousto-optic overlap—in this case by a factor of % over a
dual-guiding design—this design dramatically reduces linear and nonlinear optical losses by
reducing scattering and free-carrier lifetimes. Furthermore, this design reduces the sensitiv-
ity to fabrication imperfections since dimensional tolerances in the membrane fabrication
represent a smaller fractional variation in the device width. This can be also understood
from a simple Fabry-Perot model of the transverse-like elastic mode, whose frequency {2 is

inversely proportional to device width w:
N=— 3.37
( )

where vs is the speed of sound in silicon. As a result, the change in resonance frequency

due to a small change in dimension is:

Aw vy

AQ

= (3.38)

For a fixed fabrication tolerance Aw, the dimensional-broadening-limited quality factor is

then equal to

N _w (3.39)

@ AQ Aw

Il

so that quality factor of FSBS-active phonons is directly proportional to device width in the
case where inhomogeneous broadening dominates over intrinsic phonon loss mechanisms.
Fig. 3.10a diagrams the five transverse dimensions which define the suspended optome-
chanical waveguide design. The sensitivity of the Brillouin resonance frequency to small
changes in these dimensions, calculated using finite element simulations, is plotted in Table
3.1. The most sensitive parameter to variations in dimension is the total device width,
through the width of the optical ridge the and membrane thickness also play a role. These

dimensional sensitivities are roughly an order of magnitude smaller than those for nanowire
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Table 3.1: Simulated Changes in Brillouin Frequency Due to Dimensional Variations

Dimension | Description Sensitivity to Dimension Error
a Total membrane width 1.4x10° Hz/nm

b Membrane thickness 8.3x10° Hz/nm

c Ridge waveguide width 7.5%10° Hz/nm

d Ridge waveguide height 7x10° Hz/nm

e Ridge offset from center 5x10° Hz/nm

designs [197]. Interestingly, small variations in ridge height and offset from center do not
affect the center frequency, although significant (~100 nm) variations can dramatically alter
the resonance frequency beyond these perturbative calculations. This is due in part to the
fact that the ridge is assumed to be symmetrically placed in the center of the structure,
which causes %;T‘?, the fractional Brillouin frequency change per change in dimension %, to
be nearly zero for these dimensions.

Quality factors obtained using CABS spectroscopy are plotted for four devices of dif-
ferent lengths (0.5 mm, 2.5 mm, 5 mm, and 29 mm) in Fig. 3.10b. These data reveal
quality factors around ¢ = 1000 for the shortest tested devices, and modest decreases in
quality factor from ~850 to ~650 as the device length is increased from 2.5 mm to 29 mm.
These data suggest that quality factors should not decrease much further as device length
is further increased, boding well for increased net amplification in longer devices.

The measured quality factors correspond to ~4.5 nm inhomogeneities in device width
along the 29 mm-long device according to either Eq. 3.39 or the calculations of Table 3.1.
In fact, we hypothesize that fabrication-induced phonon linewidth increases are already
saturated in the few mm-scale devices, and that the further decrease is due to variations

in silicon layer thickness as-received in the silicon-on-insulator (SOI) wafers used for device

fabrication.

3.9 Conclusions and Outlook

These results show that strong Brillouin amplification is in fact possible in silicon waveg-

uides at near-IR wavelengths—a feat which was considered fundamentally difficult upon
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prior experimental [218] and theoretical [243] analyses. Importantly, we find that even for
long interaction lengths, dimensional broadening does not pose a fundamental roadblock to
robust integrated photonic-phononic devices based on forward-SBS.

This level of performance is enabled by passive reductions of linear and nonlinear propa-
gation losses, strong Brillouin coupling enabled through independent photonic and phononic
control, and increased robustness to dimensional variations of the membrane waveguide de-
sign. By enabling robust Brillouin couplings in a low loss silicon waveguide, the suspended
membrane structure opens the door to the adaptation of a wide array of Brillouin-based
signal processing technologies to chip-based silicon photonics.

In light of these advances, however, we are also left with a conundrum. The vast array of
traditional fiber-based Brillouin light sources and signal processing technologies are based
on backward SBSV, which produces two-wave couplings between counter-propagating optical
fields through interactions with longitudinal phonon modes. The type of Brillouin inter-
actions heretofore realized in silicon waveguides are based on forward SBS, which couples
many optical waves, and produces dual-sideband gain, with dynamics that permit cascaded
comb line generation. These couplings also not produce stimulated amplification [233] due
to balancing between Stokes and anti-Stokes processes, forbidding laser oscillation in sim-
ple cavity designs. Due to these differences, it is nontrivial in many cases to adapt existing
strategies for signal processing [150,151,237}, slow light [167], and filtering [159-161,163,238]
based on BSBS in fiber to FSBS-based integrated photonics.

At the same time, these forward Brillouin couplings have great potential for new types
of signal processing applications. In particular, as we will discuss in Chapter 4, these inter-
actions are uniquely suited to CABS-like emit-and-receive operations which utilize FSBS-
based phonon generation and readout [165,220]. These device concepts may be applied to
the creation of elegant, ultra-narrowband microwave-photonic filters with favorable noise
characteristics as compared to BSBS-based technologies; because FSBS does not amplify
thermal noise, it may have utility for a variety of new low-noise signal-processing implemen-
tations. Furthermore, because FSBS can couple to extended phonon modes, it is uniquely
suited to nonlocal sensing applications [256]. FSBS may also be used to create low-noise

Brillouin lasers, provided that the symmetry between Stokes and anti-Stokes processes is
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broken, for example through the use of coupled optical cavities [257]. Thus, while FSBS
may at first seem to be a new and complex phenomenon, the potential applications are
numerous, and certainly with further study will lead to many new on-chip operations.

While backward-SBS produces single sideband gain, prospects for BSBS-based lasers in
silicon at near-IR wavelengths seem slim, since BSBS is predicted to be orders of magni-
tude weaker than FSBS in silicon. This results from the weaker pi12 photoelastic response,
destructive interference between radiation pressure and electrostrictive forces in nanowire
geometries, and higher phonon frequencies necessary for BSBS-active phonons. BSBS has
only been measured in silicon in Ref. [197], where 0.2 dB of Brillouin gain was produced in
2-cm-long devices through this process.

The demonstration of strong FSBS in silicon also opens the door for another intrigu-
ing form of Brillouin coupling, called stimulated inter-modal Brillouin scattering (SIMS).
This process, which couples light waves guided in distinct optical spatial modes, can occur
between both forward- and backward-propagating waves. In the former case, this process
offers many of the potential advantages of FSBS in silicon (large gain, tailorable light-sound
overlap, control over extended phonon modes), while also restoring the single-sideband cou-
pling of BSBS necessary for many traditional signal processing applications. Beyond these,
however, SIMS also has the potential to enable new types of broadband nonreciprocal op-
erations [187,188,258|, new forms of multimode couplings, and the leveraging of powerful
on-chip mode multiplexing and signal routing techniques. In Chapter 5, we detail our efforts
to realize forward-SIMS on-chip, enabling new dynamics which are powerful and comple-
mentary to those offered by forward Brillouin scattering in silicon. Together, these advances
open the door to a wide variety of Brillouin-based interactions on chip, with tailorable dy-

namics suitable for the next generation of phonon-enabled devices in silicon photonics.
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Chapter 4

Coupling Optical Waveguides
through Extended Phonon Modes

for Microwave Signal Processing

4.1 Introduction

The realization of strong forward-SBS interactions in integrated silicon waveguides opens
the door to high-performance Brillouin-based signal processing within silicon photonics.
However, the unique dynamics of FSBS make it nontrivial to adapting many existing tech-
nologies based on backward-SBS to FSBS-based devices. In Chapter 5, we will explore the
use of inter-modal interactions to create single-sideband Brillouin gain in silicon as a basis
for amplifiers and lasers. We will see that these multi-mode couplings provide one promising
path toward creating flexible and useful traveling-wave optomechanical devices on-chip.

In this chapter, however, we explore a different approach by harnessing the unique
properties of FSBS for new coherent information processing technologies. Through an emit-
receive process, we use FSBS to produce distributed phonon transduction for integrated
opto-acoustic filtering operations, based on two unique aspects of FSBS not available within
traditional BSBS-based waveguide systems.

Firstly, FSBS couples to phonons which are confined by the transverse waveguide ge-
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ometry, allowing traveling-wave optomechanical couplings involving elastic waves which are
extended in space. For example, within optical fibers, which have ~10 micron-scale optical
waveguide cores, FSBS couples through phonons which are guided throughout the mm-
scale fiber cross-section. Within nanoscale membrane waveguides of the type studied in
Chapter 3 and Ref. [196], the transverse confinement can be precisely controlled through
device lithography. As a result, these phonons, generated through FSBS within one optical
waveguide core may couple to light guided in distinct waveguides embedded at different
locations throughout the extended optomechanical device. This geometry allows nonlocal
opto-acoustic modulation while prohibiting optical cross-talk.

Second, because the dynamics of FSBS do not produce stimulated phonon emission
or absorption, but rather a form of traveling-wave phase modulation, the phonon field
driven through FSBS remains constant in intensity as the waves propagate. As a result,
coherent phonon generation is possible over meter-scale lengths (or greater), limited only
by propagation losses of the optical drive waves. This behavior is quite distinct from the
self-limiting dynamics of BSBS, where a strong elastic field is driven only in the vicinity of
significant optical energy transfer.

Building on existing implementations of SBS for radiofrequency (RF) signal process-
ing [149-151,157,158], filtering [159-164], and frequency synthesis [148,152-158], a natural
application of on-chip SBS is for the creation of new tools for optical processing of mi-
crowave signals. In contrast to traditional RF systems based on electronic components,
encoding information on light enables both low-loss signal transmission and intrinsically
tunable, reconfigurable filtering operations. Furthermore, the use of Brillouin-based tech-
niques permits narrowband filtering and control within the context of wideband microwave
photonic systems. Hybrid photonic-phononic platforms thus offer the potential for both
flexible microwave signal processing schemes, and economical integration into sophisticated
chip-based photonic circuits [259-261].

Here, we use FSBS interactions within an optomechanical silicon device to produce
narrowband, high-fidelity microwave filtering. This filtering operation is enabled by phonon-
mediated emit-and-receive interactions between a pair of nanophotonic waveguides. Through

this emit-receive process, an optical field in one waveguide which is intensity-modulated by

84



a microwave signal transduces a coherent phonon through FSBS. This phonon then phase-
modulates light in a separate waveguide, transferring a copy of the modulated signal back
to the optical domain, with a frequency response set by the engineered phononic response
of the device [165]. Building on the robust FSBS-active waveguide designs demonstrated in
Chapter 3, this all-silicon device produces a narrowband (5 MHz) acoustic response Wif;ltl
large Brillouin couplings and high optical power handling (>100 mW) necessary to enable
low-loss RF-photonic filtering. As a result, this device supports near-unity RF link gain G
= -2.3 dB without the use of microwave amplifiers, and offers high linearity. In comparison
with many prior SBS-based filter architectures, this system eliminates the need for com-
plicated signal encoding schemes by allowing direct filtering of intensity-modulated signals.
This work demonstrates the utility of FSBS interactions for high-performance microwave

signal processing, with the potential for monolithic integration within complex silicon pho-

tonic circuits.

4.2 Operation Scheme

A schematic showing the basic operation of the photonic-phononic emitter-receiver (PPER)
device is depicted in Fig. 4.1a. The device consists of distinct ‘emit’ and ‘receive’ optical
waveguides which are coupled through a common acoustic phonon mode. During operation,
an intensity-modulated optical pump is incident in the emit waveguide through port 1 as
diagrammed in Fig. 4.la. When the modulation frequency 1 of this light is close to
the acoustic resonance (Brillouin) frequency Qp of the device, efficient transduction of
the acoustic phonon at frequency Q2 is produced. This phonon temporally modulates the
effective index of probe light coupled into the receive waveguide through port 2 to produce
optical phase modulation. Pump and probe waves are coupled off-chip through device ports
3 and 4, respectively.

Through this operation, the PPER device maps intensity/modulation in one optical
channel onto phase modulation in another. At the same time, the device’s phononic re-
sponse can be used as an acoustic-domain RF filter; this behavior is depicted in Fig. 4.1b.

A broadband RF signal (example spectral content plotted in Fig. 4.1b.i) is encoded as
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Figure 4.1: Photonic-phononic emitter-receiver operation scheme, (a) depicts basic
operation of the PPER. as a RF filter/modulator. Laser light (blue) is intensity-modulated
by an input RF signal and injected into the ‘emit’ waveguide through port 1 of the device.
This modulation transduces an acoustic phonon through electrostrictive forces. Light from
a second laser (red) is injected into the ‘receive’ waveguide through port 2 of the device,
and is phase-modulated by the same acoustic phonon before exiting the device through port
4. (b) depicts example power spectral content of the various signals in this experiment (i)
a sample broadband RF input spectrum (ii) intensity-modulated laser light with sidebands
encoded by the RF modulation (iii) the resulting acoustic phonon spectrum which filters
the original RF signal through the device’s narrowband phononic response (iv) the optical
spectrum of the output phase-modulated light. Adapted from Ref. [220].
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intensity modulation on an optical carrier (Fig. 4.1b.ii). Because the bandwidth of the
acoustic phonon resonance of the PPER device is much narrower than that of the RF sig-
nal, only a portion of this signal is transduced into the phononic domain (Fig. 4.1b.iii).
This signal, which has now been filtered through the device’s engineered elastic response,
phase-modulates light in the receive waveguide to produce narrow modulation sidebands
(Fig. 4.1b.iv). This optical signal may then be transmitted over long distances by coupling
an optical fiber to port 4, or converted back to the microwave domain through use of a
frequency discriminator and photodiode.

Two interesting technological aspects of the PPER process are its tailorable acoustic
response and ultra-wide optical phase-matching bandwidth. The frequency response of the
acoustic phonon is set directly through device geometry and design, and may be optimized
to have application-specific parameters. For example, this phonon can be designed to be
non-resonant, singly-resonant, or multi-resonant through a collection of acoustic cavities to
produce different filter shapes [165]. Once this phonon is excited, regardless of generation
scheme, phase-matching permits modulation of light over a very wide range of wavelengths.
This can be understood from the phase-matching conditions for light scattering to either

red- or blue-detuned sidebands:

k(wp — Q) + g5 = k(wp) (4.1)

k(wp + ) = k(wp) + Gas- (4.2)

Here k(w) is the optical wavevector at frequency w, wp is the frequency of incident probe
light, Q is the modulation frequency, and gs and ¢, are the wavevectors of phonons which
mediate Stokes (red-shifting) and anti-Stokes (blue-shifting) processes, respectively. As-
suming that optical dispersion is linear over a small frequency shift 2, an excellent approx-
imation for modulation frequencies in the GHz range, we can Taylor expand k(w) to first

order to find that

q(wp) =¢qs = qas = Qg‘g(“-’p) = gng(“’p)- (4.3)

87



This is the condition for a phonon with wavevector ¢ to be phase-matched to Brillouin
modulation of light at optical frequency wy. If this same phonon is used to modulate light

at a different frequency w{), the resulting wavevector mismatch is

Ag = qwy,) — qlwp) = % (ng(wl’D) — ng(wp)) - (4.4)

Provided that the accumulated phase mismatch AgL/2 over a device length L is ~1
or less, phase matching still permits relatively efficient modulation. This condition can be
written as

Ing(w!) — nglwp)| < % (4.5)

For a typical silicon device with = 27 x5 GHz and L = (.02 m, this condition becomes
Ing(w}) — ng(wp)| < 1, so that a group index change of more than one refractive index unit
is necessary to produce phase-mismatched coupling. As a result, with careful design, the
same phonon could be used to modulate light over more than an entire octave of optical
frequencies within a PPER device.

In the next section, we theoretically study the dynamics of the PPER device and its
operation as an RF filter as diagrammed in Fig. 4.1. Thereafter, we investigate the perfor-

mance of a real device and discuss the potential for further refinements of this technology.

4.3 Photon-phonon Emitter-receiver Theory

In this section, we write the coupled-amplitude equations which govern the dynamics of
emit-receive coupling through FSBS, and develop closed-form expressions for parameter
values relevant to PPER device performance, particularly for RF filtering applications.
We begin by considering the fields within the emit waveguide (indexed with the su-
perscript (1)) that may couple through FSBS. We make the approximations according to
Ref. [233] that the phonon field is heavily spatially damped relative to the length over which
significant optical energy transfer occurs, and solve for the spatial dynamics of the system

in the steady state.
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In this case, a Brillouin active phonon with amplitude b and frequency £ may couple a

series of optical fields ag) with frequencies w, = w!()l) + n{ through the coupled-amplitude

equation
o0l i 1) o (1) L«
Hz = ;_ <gna’n—lb +gn+la’n+lb ) s (46)
n

where g, is the nearest-neighbor coupling rate, and v, is the optical group velocity of field
n. Provided that these do not vary strongly over the frequency range of the coupled optical
fields!, we can drop the subscripts on these terms and rewrite Eq. 4.6 as

8a%1)
0z

i 1 * (1 *
= 2 (9alsb + g7l ). (4.7)

The coupled amplitude equations for the receive waveguide (optical fields indexed with the
superscript (2)) are structurally identical, with the exception that in a practical system the
optical group velocity and Brillouin couplings may be different; to include this possibility

we also label these terms with the superscript (@:

2 .
8a? i (9(2)a(2)

= = b+ 9@ al) bt (4.8)

The phonon amplitude at 2 is directly related to the summation of nearest-neighbor optical
beat notes through [233]:

1
S E: * (1), (1) « 2%, (2) ,(2) *
’ (Q—QB+2'I‘/2> — g an an_1 F 97 an a1 (4.9)

where I' is the lifetime of the acoustic phonon mode, which we have assumed has a Lorentzian
frequency response due to this finite lifetime. The field amplitudes are related to the optical

and acoustic power flows in the waveguide by?

1. In most systems, the optical propagation constants and mode shapes are nearly constant over ~GHz
frequency ranges, so this is an excellent approximation.

2. These equalities are exact for monochromatic fields.
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Py ~ BQupd*b, (4.10)

P, ~ hwva*a, (4.11)

and the Brillouin coupling rate is related to the frequency-dependent Brillouin gain in either

waveguide through the relationship [233]

(1,2) 2 2
G](31,2) _ 4|g*| (I/2) (4.12)

v Thwi? (@ - Qp)2 + (T/2)
4.3.1 Translational Invariance of the Phonon Field Amplitude

Through FSBS coupling, and in the absence of external optical loss, the phonon field am-~
plitude is constant along the device length. Here, we show this directly by computing the

derivative of the phonon amplitude with respect to position.

b 1 L0a)) oD g (1)‘9 ot
5—(Q-QB+¢F/2>;9 bz 9,

. 8a£ )
g(z) (2)

0a?d *
(2)*4(2) “n=1
e 4+ g\ ay 5, (4.13)

Substituting in Egs. 4.7-4.8 for the differential terms, this expression becomes

5 <Q = QBl+iI‘/2> 3L [ob (1822 ~ 1o + %" (o{2102," ~ afal,)]

1 9@ @) ol @ () (2) )
" (ﬂ ~ Qp +iI‘/2> zn: o) [9(2)” (lan—l|2 - Ia,(3)|2> +g@p ( )« _ o) )]

=0. (4.14)

When the sums are taken over all possible values of n, (or at least all those for which the field
amplitudes are nonzero), each term is exactly canceled. As a result, we see that couplings
of the form in Eqgs. 4.7-4.8 produce a phonon amplitude that is translationally invariant
(constant in space). Thus for any position z along the waveguide length, we can write

b(z) = b(0), so that the total phonon amplitude may be calculated by considering the input
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optical waves at z = 0 with Eq. 4.9. One of several useful consequences of this fact is that
the PPER process can be used to drive a strong, coherent phonon field over arbitrary lengths
3. Furthermore, the same optical signal that is used to drive the phonon field in one PPER
device propagates without a change in optical intensity modulation character, and may
subsequently be injected into another PPER. device with a different resonant frequency Qg.
In this case, the driven phonon intensity is changed according to the Lorentzian prefactor
(2 — Qp +4I'/2)~!. Hence, a cascaded bank of narrowband PPER devices may be used to
separately sample the modulation spectrum of a single optical signal into many channels.
(For further details, see the technical note in Section 4.6).

While we have so far considered a monochromatic phonon field, the same physics hold
true for fields with arbitrary spectral content. For simplicity, we consider a single optical
waveguide which contains an optical wave with a continuous complex-valued spectral dis-
tribution A{w). Given appropriate normalization, we can write the driven acoustic phonon

spectrum according to Eq. 4.9 as:

*

b(Q) = (ﬁm) / dw A(w)A* (w — Q). (4.15)

The optical fields in a single Brillouin-active waveguide core couple through this phonon

field analogously to Eq. 4.6 as

A ¢ (g [ A -ap@dats [+ op@ dﬂ) SN CRT)

v

As before, we have neglected optical and acoustic dispersion over the relevant frequency

ranges. Taking the derivative of Eq. 4.15 with respect to position and substituting in Eq.

3. Note that throughout this discussion we have neglected optical dispersion, which can lead to amplitude
modulation and more complex dynamics. For this approximation to be valid, group velocity dispersion
should be negligible over the frequency range of the optical tones involved in FSBS coupling.
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4.16, we find

ob(Q) g* OA(W) ,« BA*(w — Q)

5z (Q QB+iI‘/2>/dw< gz A WD+ AW) =5 )
— QBHM) [ [ 400 (4w - ) - ja@)P)

(n O + mz) / [ 900 5(@) (A + MA@ - 0) — AW - 20)
=0.

+

(4.17)

Therefore even in the presence of nontrivial optical fields, the driven phonon intensity due
to FSBS (and hence the optical modulation intensity) does not change with propagation

relative to its initial value.

4.3.2 Driven Phonon Amplitude for Two- and Three-tone Excitation

In the previous section, we found that, in the absence of external optical loss, the phonon
amplitude driven through FSBS is constant. Here, we briefly consider two useful con-
figurations for the drive fields and determine the resulting phonon amplitude from these
incident light signals. Thereafter, we will determine the resulting modulation strength in
the spatially-separate receive waveguide of the PPER, device.

First, we consider the case of two monochromatic optical pump waves with powers Py
and P; which are at frequencies wlgl) and w}()l) + Q, respectively. Using Eq. 4.9 with the

normalization condition P, = hwva*a, we can write the resulting phonon amplitude as:

* oip 1
b:( g e ) w, /BoPr, (4.18)

Q— QB—’r—ZF/Z

where we have made the approximation that wr(,l) (wl(,l) +Q)= wl(,l), and €' is an overall
phase factor related to the relative phases of the two optical drive fields.

Second, we consider the case of three monochromatic optical pump waves resulting from
the output of an optical intensity modulator. This case is particularly relevant for the use
of the PPER device in RF photonics, where optical signals are often encoded as intensity

modulation.
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Optical intensity modulation is commonly produced by placing an optical phase modu-
lator in one arm of a Mach-Zehnder interferometer. While the phase-modulation arm does
not produce an optical intensity beat-note, the interference of this light with a suitably
phase-shifted carrier tone from the other arm produces a beat note at each harmonic of the
modulation frequency. The combined incident field for a balanced and gquadrature-biased

Mach-Zehnder intensity modulator can be written as

EQ)(t) = fiz( f ipt | ZJ (”V‘)) i “’+"“>> (4.19)

(1) ; - is the total incident power amplitude, V} is the modulator driving voltage, and V;

where a;,
is the modulator half-wave voltage. Intensity modulation at harmonics n{2 is driven by the
interference between the out-of-phase carrier component at w](, ) and the wz() )+ nQ optical
sidebands. While in most cases only the first-order modulation sidebands are desired, the
harmonics occur as a by-product of cascaded phase modulation, and are relatively small
when the modulation strength is weak.

Assuming a drive frequency 2, the phonon field is driven at harmonic frequencies n}
by each pair of optical tones at wl()l) 4 Q. If the PPER device responds only around §2, the

(1)

phonon is driven by three optical tones—the carrier at wy ’ and the two closest modulation

sidebands. The resulting driven phonon intensity from Eq. 4.9 is given by

ig* 1 ™Vo
b= PyJ 4.2
<Q—QB+’5F/2)ﬁw Dy °1<Vw>’ (4:20)
where P is the total incident power.

4.3.3 Modulation Efficiency by a Monochromatic Phonon Field

We now derive the output spectrum in the receive waveguide ((?)) given a monochromatic

(2) , an input driven phonon field at frequency © with amplitude b =

input at frequency wyp
boei?? and Brillouin coupling coefficient g2 = goe*®s. For simplicity we have written both

the phonon amplitude and receive waveguide Brillouin coupling as a real amplitude times
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an arbitrary phase. The expression governing the field evolution from Eq. 4.8 is

PR ‘ »
OO ( Goboe ¥ +90)a@ 4 goboe z(¢1+¢s>aﬁﬁl). (4.21)

which has the solution

0D (2) = qoeim(Brtestn/2) 5. <2i°(g§)z > _ (4.22)

Here ag is the amplitude of the monochromatic input field. This solution is equivalent to

phase modulation with a total phase shift:

2g0b
2) __ <g0bo2
B = R (4.23)

The total optical power in each optical tone is

2g0boz
PO(z) = PP 2 (——i‘)(zg) ) = P2 (5) (4.24)

where Pém is the injected power.
For the case of incident modulation by two optical tones with powers Py and P; with

driving on resonance with the phonon intensity given by Eq. 4.18, the modulation phase

B = z1/aYcP pp. (4.25)

For the case where the input modulation is driven by an intensity modulator as described

[ (1) A2 ™o
A = 4 Gl(a)G}(_,’)Po.h <7> . (4.26)

™

shift is:

above, the phase shift is

4.3.4 RF-Photonic Filter Response

Here we consider the performance of the PPER device within an RF-photonic link similar
to that depicted in Fig. 4.1. A microwave signal is encoded on the input pump wave in
the emit waveguide through optical intensity modulation, and this signal is transferred onto

the probe wave propagating within the receive waveguide through phase modulation. This
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signal is then demodulated and converted back to the microwave domain.

Link Gain and First-order response

To characterize the performance of this system, we consider a monochromatic microwave sig-
nal at frequency €2, with RF power Pli{‘F corresponding to a peak voltage of Vy = 1/2R1P1i§F,
where R; is the input resistance (typically 50 ). At the output of the system, this results in
a phase modulation strength from Eq. 4.26 of 82 = L/ Gg )Gg )PoJl (@) , where
L is the propagation length of the signal through the PPER device.

To convert the phase modulated signal back into the RF domain, we optically filter out
either of the principal modulation sidebands (£1 order), and inject the light onto a photo-
diode. The resulting optical power beat note at € is 24/ Pé2)P1(2) = 2Péz) Jo (,8(2)) Ji (5(2)) .

This time-harmonic power beat-note results in a photocurrent
I = 2P Jy (,3(2)) ) (5@) sin(Qt + ), (4.27)

where t and ¢ are time coordinates and a phase shift, and n is the detector efficiency in

units of A/W. The average RF output power at 2 is
Po = (I3) Ro|Hpal?, (4.28)

where Hpq is the photodiode circuit efficiency and R, is the output resistance. For our
experiments, R, = 50  and Hpq = 1/2 due to current splitting between the photodiode

termination and the load. Combining Eqs. 4.27-4.28, the output RF power is
2
P = 2 (nB05 (52 o (62))” Rolal (420

In the small signal limit, Jo (8®) ~ 1 and J; () ~ 8@ /2. The resulting output RF

power is
2
D p(2) . [ ~1) ~2
out in 7TT)P(§ )Pé )L Gl(3)G(B) 2
P = P — RiRo| Hpa|. (4.30)
m

This expression can be used to find the link gain g, which is defined in dB by g =
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10 10g10 ( out/Pm )

Propagation of Third-order Spurious Tones

An important consideration in RF-photonic link design is the generation of third-order
spurious tones, which can lead to distortion around the carrier frequency (i.e. through a
third-order mixing process 21 + Q2 — Q1,2). Since the PPER acts as a narrowband filter,
such spurious tones can occur at the link output through two primary means—either from (1)
distortion in the input intensity modulation process, or from (2) cascaded Brillouin phase
modulation in the receive waveguide. For most device parameters, (1) is the primary source
of distortion, whereby mixing between out-of-band frequency components can result in new
frequencies around 2 that can pass through the PPER filter. To quantify the strength
of this effect, we consider driving the intensity modulator at /3 and transmitting the

third-order modulation at Q through the phononic filter. The resulting phase modulation

1%
553/3 = 2/GYGY Poss (WV()) ; (4.31)

corresponding to an output power

v Vv 2
51 o (BTG () (s () o

(4.32)

strength is

In the small-modulation limit, this expression becomes

2
ou R
Pgts = (Pife)° 576 (n (1)P(2)L\/GS)G§)> Ro <v2> | Hoa 2. (4.33)

The extrapolated third-order intercept point OIPg is found by requiring that Eq. 4.33 and
Eq. 4.30 are equal, which occurs at an input RF power of P, = (12/72)(V,2/R;) and is

2
OIP; = 3 (npgnpg?wag)ag)) Ro|Hypq 2. (4.34)

Together with the noise floor, this determines the PPER’s third-order spur-free dynamic

equal to

range.
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4.3.5 Thermal Brillouin Noise and Spur-free Dynamic Range

As probe light traverses the receive waveguide, spontaneous Brillouin scattering from ther-
mal phonons results in optical energy transfer to frequency-detuned sidebands through
Stokes and anti-Stokes processes. Through the demodulation process described above (fil-
tering out either sideband), this thermal Brillouin scattering can represent a fundamental
RF noise source within the PPER filter. After propagating a length L, the total scattered
optical power spectral density is [233]:

(r/2)?

_ 3, (2)~2) p2)
S(w) = ml() )GB PO Lnthm,

(4.35)

where w is the detuning relative to the center frequency of scattered light, and nyy, is the ther-
mal phonon population according to the Bose-Einstein distribution ng, = 1/(e(®?8/k8T) _1),
with T being the temperature in Kelvin. Note that the expression here is exactly valid
for the anti-Stokes sideband; for the Stokes scattering process, the thermal population
term should be replaced with ny, + 1; however, at room temperature where ng, ~ 103,
this difference is negligible. The total spontaneously scattered power can be calculated by
P = 1/(2n) [ dwS(w). If we consider a narrow bandwidth around the center of scattered

light, the peak noise power spectral density (in units of W/Hz) is simply
S = PGP PP L. (4.36)

The resulting time-averaged RF noise power within a bandwidth A around the Brillouin

center frequency from Eq. 4.28 is given by:
2
Py = 2|Hpa*n* P SRoAA = 2 |Hpa P PP G (PO(Q)) LngRoA. (4.37)

The third-order spur-free dynamic range for the RF-photonic link is related to the third-

order intercept point OIP3 and the noise floor power spectral density as SFDRg = (OIP3/ PN)Q/ 3
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which is calculated from Eqs. 4.34 and 4.37 to be?

36 (P(l))2 )’
B 0

SFDR; = 5
277,(4)}-) TlthA

(4.38)

This equation is valid so long as thermal Brillouin noise is the dominant source of RF noise
in the system (as compared to shot noise, for example), and the operating bandwidth is
much narrower than the linewidth of the Brillouin resonance. If the operating bandwidth
is wider, this number will be an underestimate. The SFDRg3 represents a fundamental

performance characteristic of the filter within an RF-photonic link.

4.3.6 Noise Figure

The noise figure for a system is typically defined as:

Noise PSD Out

NF = (Noise PSD In) x (Gain)’

(4.39)

In terms of the input noise power spectral density Nijn, and using Egs. 4.30 and 4.37

(assuming that the output noise is dominated by thermal Brillouin scattering), this is

S V2 1 (4.40)

N 7r2Gl(31) (Pé1)>2L R; Nip

NF

The value of the noise figure depends directly on the input noise source. This input noise
may be due to thermal Johnson-Nyquist charge noise, where from the fluctuation-dissipation
theorem Nj, = kg7, but is more typically limited by shot noise or non-fundamental detector

noise.

4. In the expression for the spur-free dynamic range, the power of 23 is due to the fact that the output
signal is linear with respect the input, while the third-order spur is cubic with respect to input power. The
range over which a signal is measurable but third-order spurs are not (the ‘spur-free’ dynamic range) picks
up the resulting exponent of /3. For further details see Ref. [262].
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Characterization Apparatus
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Figure 4.2: Silicon photonic-phononic emitter-receiver device, (a) depicts the device
cross section; a dual-ridge membrane structure fabricated from a single-crystal silicon layer
is suspended by a series of tethers on an SOI wafer, (b-c) show cross-sectional and top-down
SEMs, respectively, of the fabricated device, (d) plots the cross-sectional dimensions of the
PPER. structure, while (e-f) plot the fundamental TE-like guided optical mode profiles for
the two embedded ridge waveguides, (g) plots the x —eomponent of the elastic displacement
field for a ~4.3 GHz elastic mode which extends throughout the device, (h) diagrams the
experimental characterization apparatus for probing the PPER device response. In the top
optical path, pump light is intensity modulated around the zero-bias point and amplified
through an erbium-doped fiber amplifier to create two strong pump waves separated by
R ~ Hb- This light is injected into the emit waveguide through port 1. A separate probe
wave is split into two paths-in the middle path, it enters the receive waveguide through
device port 2 and exits through port 4, at which point it is recombined with a frequency-
shifted local oscillator (bottom path) and incident on a fast photodiode for heterodyne
spectral analysis in the microwave domain, (i) Plots the normalized modulation response
of the PPER device as a function of drive frequency, (j) Plots the power in each of the two
principal phase-modulation sidebands as a function of incident on-chip pump power when
the device is driven on resonance ¢f = Hb in this configuration. Adapted from Ref. [220].
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4.4 Characterization of Device Response

Having established the theoretical behavior of the PPER system as an RF filter, we now
experimentally characterize a fabricated device with the design shown in Fig. 4.2a-g. The
PPER device is based on the FSBS-active suspended membrane design of Ref. [219] (Chap-
ter 3) and consists of two optical ridge waveguides embedded within the same suspended
silicon membrane. Each ridge waveguide supports low-loss guidance of a fundamental TE-
like optical mode (Fig. 4.2e-f), and the ridges are designed to differ in width by 100 nm to
inhibit optical crosstalk via evanescent coupling. Both optical modes may interact with the
same Lamb-like elastic mode (Fig. 4.2g) that extends throughout the membrane through
a PPER process. In this process, modulated optical waves in the emit waveguide drive
the elastic wave through forward-SBS. This optically-driven elastic wave then produces
time modulation of the optical waveguide modes, producing linear time-harmonic phase
modulation on light in the receive waveguide.

To characterize the strength of modulation produced through the PPER process in this
device, we first perform measurements of the modulation response and efficiency using a
two-tone drive measurement (Fig. 4.2h). In this experiment, two equal-intensity drive tones
separated by a frequency ) are synthesized from the same pump laser (frequency wp) using
a null-biased intensity modulator driven at /2 (top path of Fig. 4.2h). These waves at
optical frequencies wy, & /2 are injected into the emit waveguide and drive elastic waves
within the PPER device via optical forces at frequency Q. The total power of these waves
is controlled using an erbium-doped fiber amplifier and variable attenuator. Light from
a separate probe laser (frequency wp,) is split into the two paths. In the top path, light
is coupled into the receive waveguide, while in the bottom path probe light is frequency-
shifted using an acousto-optic modulator to produce a local oscillator at optical frequency
wpr + A = wpr + 27 X 44 MHz. On-chip probe light experiences phase-modulation at
due to the driven elastic wave, resulting in energy transfer to frequency detuned sidebands
at wpr = Q; this modulated light is coupled off-chip and combined with the local oscillator
arm, after which the signal incident on a fast photodiode, producing unique microwave

beat-notes at {2 + A, A, Q2 — A} corresponding to the optical frequency components at
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{wpr — Q, wpr, wpr + 2} These signals are then measured using a radiofrequency spectrum
analyzer.

The modulation efficiency of the PPER process is quantified by measuring the output
power in the frequency-shifted sidebands at wpr £ 2 relative to the unshifted input probe
power. As the modulation frequency 2 is swept through the Brillouin frequency Qg of
the device, a dramatic increase in modulation is observed, as plotted in Fig. 4.2i. This
narrowband (Q = 820) feature at Qp = 4.33 GHz corresponds to the resonant Brillouin-
active phonon in Fig. 4.2g. This 5-MHz-wide Lorentzian response represents the acoustic
transfer function of the PPER device. To evaluate the absolute strength of the PPER
modulation, the frequency is fixed to 2 = Qg and the total on-chip pump power is varied. As
the incident power is increased to a maximum of 100 mW, the resulting scattered sideband
power normalized to the input power increases to n = P—(;:E‘(”:;—;ri—)m = 12%, as plotted in Fig.
4.2j. This modulation strength corresponds to a phase shift of 0.8 rad, a key performance
metric for both the acousto-optic efficiency of the device as well as the potential RF-photonic
link gain of the system, as these figures of merit scale with phase-shift squared for small
driving powers. At high powers, the scattering efficiency in Fig. 4.2 begins to saturate due
to a combination of the Bessel-squared phase modulation response (Eq. 4.24) and nonlinear
absorption due to TPA and TPA-induced FCA (Section 3.3).

These results demonstrate that the silicon membrane PPER is capable of producing ef-
ficient phase modulation, owing to a combination of robust Brillouin couplings, high power
handling, and low propagation losses. Based on linear and nonlinear transmission mea-
surements, this device has a total linear insertion loss of oL = 0.5 dB over a length of
L = 2.53 cm, and a nonlinear free-carrier absorption coefficient y¥¢A ~ 2400 W—2m™1.
The effective Brillouin coupling coefficient is Gg = \/Gg )G](32 ) = 820 + 20 W~lm™! from
the data in Fig. 4.2j. The single-waveguide Brillouin gain coefficients were found through
Brillouin gain measurements [219] to be Gg ) = 880+ 50 W—lm™ for the emit waveguide
and Gg ) = 740 + 50 W-1m~! for the receive waveguide, which agree well with simulated
values of G = 860+ 130 W lm™! and Gg = 790+ 120 W~ 'm™!, respectively. The robust

performance of the silicon PPER device enables a tenfold increase in modulation efficiency

over earlier PPER designs [165] as a basis for high-performance RF filtering applications. In
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the next section, we characterize the response of the same silicon membrane PPER. device
within an RF-photonic link. Afterwards, we discuss the potential for further performance

improvements and use cases of the PPER architecture.

4.5 RF-Photonic Link Performance

In this section, we explore the performance of the silicon PPER device within a RF-photonic
link, and show that it permits high-fidelity narrowband filtering operations. We begin by
characterizing the input/output response of the system, and then investigate additional
noise induced through the PPER. process.

The RF-photonic performance of the silicon PPER, device is characterized within the link
experiment diagrammed in Fig. 4.3a, mirroring the conceptual design of Fig. 4.1a. In this
experiment, an input RF signal is encoded onto pump light using a commercial intensity
modulator (Optilab IM-1550-20, RF V; at 4.33 GHz = 9.9 V) biased at the quadrature
point. This modulated light signal is amplified through an erbium-doped fiber amplifier
(labeled EDFA1) and is coupled into the emit waveguide via an integrated grating coupler.
The modulation of this signal is encoded on a transverse acoustic phonon with frequency
content filtered by the device’s acoustic transfer function. Probe light is injected into the
receive waveguide, where it is phase-modulated by the spectral content of the driven phonon
field. This modulated light signal is then coupled off-chip and amplified through an output
erbium-doped fiber amplifier (labeled EDFA2) to offset the fiber-chip coupling losses, and is
converted to an intensity-modulated signal by filtering out one of the +Q phase modulation
sidebands. This signal is then incident on a commercial high-power photodiode (Discovery
Semiconductors, Inc. DSC1008S, responsivity R = 0.75 A/W, bias voltage V;, = 7 V), which

converts the modulated optical signal back to a microwave signal.

4.5.1 Linear and Nonlinear Response of the PPER Link

We first measure the link gain of the compound system using a single RF drive tone at
Q = Qp = 27 x 4.33 GHz, with an incident on-chip pump power P, = 105 mW and probe

power at detector of P, = 75 mW. As the input RF power increases, the output RF power
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RF-Photonic Link Experiment
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Figure 4.3: Silicon PPER within an RF-photonic link, (a) diagrams the RF-photonic
link experiment: Pump light is intensity modulated by a microwave signal and amplified,
and subsequently coupled into the emit waveguide of the PPER device. Probe light is passed
through the receive waveguide, where it is modulated through the emit-receive process, and
is amplified after being coupled off-chip to offset coupling losses. A fiber Bragg grating
filters out one of the modulation sidebands to convert the phase modulation to intensity
modulation, and the resulting signal is incident on a high-power photodiode to convert
back to the RF domain, (b) shows RF power input/output data for both a monochromatic
signal (top) and third-harmonic (bottom) tone through the link. The linear behavior of
these curves is extrapolated (dashed grey lines) to find the tliird-order intercept point OIP;
(black dot), (c) plots input and output power spectra for a two-tone incident RF signal
consisting of equal-amplitude drive tones at Rb and fie + 27T x 50 MHz. The out-of-band
signal is attenuated by 26 dB relative to the in-band signal via the PPER, filter’s acoustic
response, (d) Characterizes the noise floor around the filter center frequency Rb/27t = 4.33
GHz as a function of probe power. The inset shows the noise floor due to a combination of
spontaneous Brillouin noise and a white background due to amplified spontaneous emission
of the EDFA. Adapted from Ref. [220].
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increases commensurately, until some signal compression is observed at the highest input
powers (top curve of Fig. 4.3b). Through this system, the net RF-photonic link gain is -2.3
dB. The observed compression represents the first of two fundamental forms of distortion in
RF-photonic links, as a deviation from the ideal linear response of a filter. This compression
is characterized by measuring the RF output power at 1 dB compression from the linear
response, which is Pigg = 7.7 dBm through the PPER  filter. The second form of distortion
that we consider is the creation of spurious frequency tones. In a traditional RF-photonic
link experiment, the most important of these is those generated through third-order mixing,
since this process can produce spurs around the original carrier frequency (e.g. through a
Q1 +9— Qg process). Within the PPER system, most spurs are rejected by the narrowband
acoustic response. Therefore, to consider the potential strength of such effects, we consider
spurious tones that are either (1) generated at harmonics of Qg through cascaded Brillouin
phase modulation, or (2) unwanted frequency components around g which are created
at the frontend of the link and are passed through the modulator. The latter of these
are created within the input intensity modulator, and are typically the dominant source
of spurious tones in terms of potential magnitude. This is consistent with traditional RF-
photonic links where distortion is typically limited by the input modulation scheme. To
quantify the magnitude of this effect, we drive the system at Q@ = Qp/3 and measure the
strength of the third-order spur that passes through the filter at Qp, as plotted in the
bottom curve in Fig. 4.3b. The third order intercept point OIPg, which estimates the input
power at which spurs would overtake the transmitted signal®, is calculated to be OIP3 = 23

dBm through extrapolating the curves is 4.3b.

4.5.2 Modulation Figure of Merit

The ultimate performance of the PPER link as shown in Fig. 4.3a is limited by components
external to the silicon membrane PPER device. However, we can characterize the internal
efficiency of the PPER device through a unitless figure of merit by comparing the output

phase modulation magnitude to that of the input intensity modulation. Through the link

5. Note that this point is simply a mathematical construct, as signal compression will alter the system
dynamics at such large input powers.
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gain experiment, the small-signal phase modulation angle produced through the PPER
device is ¢1%‘f§1 = 0.56 rad/V, compared to an input intensity modulation angle of qf)}’l{,[ =0.32
rad/V. These modulation strengths were measured as a function of the input RF voltage at
4.33 GHz. A natural figure of merit is the ratio between these two modulation strengths,
¢/ (i)iI’l{,I, which can be calculated for any modulation-conversion operation such as the
PPER process. When this quantity is > 1, the modulation strength is preserved or enhanced
through PPER operation. In the silicon membrane PPER, ¢4 /¢, = 1.76, indicating net

enhancement of the incident modulation strength.

4.5.3 Microwave Filter Response

Narrowband microwave filtering through the PPER link is demonstrated in Fig. 4.3c,
using a sample dual-tone RF signal consisting of equal-amplitude drive tones at Qg and
Qp + 27 x 50 MHz. When this signal is passed through the PPER filter, the out-of-
band signal is attenuated by the device’s single-pole acoustic transfer function (dashed
gray line in Fig. 4.3c corresponds to the curve measured in Fig. 4.2i), resulting in 26 dB
relative rejection of this tone as compared to the in-band signal. Through the engineering
of more complex device structures, the filter rolloff and out-of-band rejection can be greatly

improved [165].

4.5.4 Noise and Dynamic Range

To quantify the net dynamic range of the PPER link, we carry out noise measurements
through the PPER device. For the set of parameters used in this experiment, the noise
floor is dominated by spontaneous Brillouin scattering from thermal phonons (as opposed
to coherent driven phonons generated through the PPER process). The resulting peak
noise power spectral density is plotted as a function of optical probe power Py in Fig.
4.3d, showing the expected linear trend corresponding to a room temperature thermal
phonon population of kgT'/hQ2p ~ 1390 [233,263]. For this experiment, the out-of-band
noise floor is dominated by amplified spontaneous emission from EDFA2 (inset of Fig.
4.3d), and would otherwise be limited by detector noise. For the probe power at detector

P,y = 75 mW used for the experiment in Fig. 4.3b, the Brillouin noise floor is N = -126
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dBm Hz~!. These measurements correspond to a receive waveguide Brillouin coefficient
Gp = 730 +£ 40 W™'m™!, which agrees with the numbers obtained above from stimulated
scattering experiments. Together with the prior measurements of RF distortion, these noise
measurements set the dynamic range parameters for this RF-photonic link. The calculated
third-order spur-free dynamic range SFDR3, which corresponds to the dynamic range over
which a signal is detectable while spurs or not, is SFDR3 = 2(OIP3 - N)/3 = 99.3 dB Hz*/3.
The linear dynamic range is CDR14gg = P1gg — N = 135 dB Hz. These measured dynamic

ranges agree well with the calculated expressions in the previous section. For example, from

Eq. 4.38,
) (P2 L\
(1 1) 2
SFDR. — | O (F”) L)' [3x 880 W-m~! x (76 mW)* x 2.53cm)
T 2 @A a 2521 x 194 THz x 1390

=100.2dB Hz?/® (4.41)

where the average on-chip pump power Po(l) =76 mW has been used.

To calculate the effective noise figure added by the PPER device, we must compare to
an input noise power. As a result, this metric depends greatly on the external components
of the RF link without the PPER device. In an absolute ‘worst case’ scenario where the
fundamental limiting noise prior to filtering was Johnson-Nyquist noise (see Section 4.3.6),
with a room temperature noise power of N;, = -174 dBm Hz ™!, the noise figure of this link
would be NF = —N;, + N — G = 50 dB. Compared to practical experiments, the additive

noise would likely be one or more orders of magnitude smaller.

4.6 Potential for Improved Performance

In the previous section, we showed that the silicon waveguide-based PPER. device permits
robust optical and RF-photonic performance, as a promising platform for narrowband mi-
crowave filtering applications. Beyond this first demonstration, to increase the dynamic
range and fidelity of the PPER filter, many changes to the device design and link compo-

nents may be useful.
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External to the device itself, the performance of the PPER filter system may be en-
hanced by improving the modulation and detection schemes. In particular, decreasing the
half-wave voltage of the intensity modulator used to encode RF signals onto pump light in-
creases total link gain as 1/V,2, resulting in lower RF losses through the filter. Conversely,
by decreasing V; as well as the receive waveguide power or device length, the system noise
floor can be decreased with little or no penalty to gain and dynamic range, enabling filter-
ing of low-power signals as would likely be desirable in practical applications. While the
modulator used in the photonic link tested here has a relatively high V; = 9.9 V, com-
mercial modulators are available with V; < 4 V, and integrated modulator technologies
have already been demonstrated in silicon with V;; < 1 V {264,265], so this approach seems
feasible. Beyond the link frontend, the current method for phase-to-intensity demodulation
could be improved. Currently, one of the two modulation sidebands is filtered out as a
simple method to characterize the system response; however, this approach discards half
of the signal power. Alternately, the link gain of this system could be improved by replac-
ing this demodulation scheme with a phase-shifting element or coherent detection using an
integrated Mach-Zehnder interferometer and balanced photodetectors [266]. Furthermore,
through active control of modulation distortion, the dynamic range of the PPER link could
be improved. For example, linearized modulation schemes have been shown to permit large
increases in dynamic range for certain RF-photonics applications [267-269].

Significant improvements in link performance can also be realized by increasing the
internal efliciency of the PPER process, in particular within the emit waveguide. This
results from the fact that noise is only created within the receive waveguide. So, while
increasing the probe power in the receive waveguide enhances the output signal strength,
it also increases the noise floor by the same amount. By contrast, increasing the Brillouin
interaction strength in the emit waveguide directly improves the dynamic range (related to
the factor <G1(31) ( P0(1)> 2 L> 7 in the spur-free dynamic range). In practice, increasing the
device length is not desirable since it increases footprint. Therefore the most direct way to
improve the PPER performance is by improving the pump power handling. While in the
current device pump powers were limited to ~100 mW due to TPA-related nonlinear free-

carrier absorption, this effect can be mitigated by either external free-carrier removal with
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electric fields [236] or by moving the pump wavelength above the TPA threshold in silicon
(Ap > 2.2 pm). The latter is theoretically made possible by the wideband response of the
intra-modal PPER process (Section 4.2) and the availability of silicon-based modulators at
these wavelengths [265], and would enable pump powers ~2 W to propagate through the
emit waveguide with negligible nonlinear absorption. In this case, improvements in SFDR3
of more than 10 dB should be possible. For example, increasing the pump power to 1 W
within the current design should enable a spur-free dynamic range of SFDR3 = 115 dB
Hz2/3. Alternately, higher pump powers will allow efficient operation with much smaller
device footprints. An additional advantage to shortening device lengths is that this would
reduce inhomogeneous broadening (Section 3.8.4) [219,242], leading to smaller filter widths
and increased Brillouin couplings. As an example, an optimized and fully-integrated silicon
PPER system with parameters (Pp= 2 W, Ap = 2.75 pm, Ppr = 10 mW, Apr = 1.55 pm,
Rr= 1V, Q0 — 1500, L = 200 pm) would enable enhanced linearity and noise performance
(link gain G = 0 dB, SFDR3 = 107 dB Hz"23, CDRIdB = 148 dB Hz-1, N = -152 dBm

Hz-1, NF = 21 dB) in a small footprint.

PPER i PPER 2
0=0,
Laser Mod.
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Figure 4.4: Comparison of serial and parallel filter architectures for channelization, (a)
Serial cascaded architecture for a PPER channelization filter. Because the same pump light
can be used for each device (i.e. because the PPER device makes a copy of a narrowband
slice of the input RF spectrum), minimal signal degradation is experienced as the number
of channels is increased, (b) Architecture based on parallel RF filters. Note that because
the signal must be split equally among the channels, amplification is necessary to preserve
signal amplitude.
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Such size reductions and performance increases open the door to cascaded filter banks,
which utilize some of the unique benefits of the PPER process. In particular, as pump light
propagates through the emit waveguide, its intensity modulation is unchanged (Section
4.3.1); therefore, if optical insertion losses are small, this same pump light can be injected
into other PPER filters. Through a serial cascaded process, an RF signal encoded on
the pump wave can pass through many successive PPER devices, each selecting out a
distinct spectral channel without impacting the fidelity of the original signal; this process
is diagrammed in Fig. 4.4a. Using the parameters above, a cascaded array of 200 PPER
devices 0.2 mm each in length could span a 0.5 GHz frequency bandwidth with 2.5 MHz
bandwidth per channel, while maintaining excellent dynamic range and sensitivity. By
contrast, a parallel channelizing filter based on a bank of fixed microwave band-pass filters
(Fig. 4.4b) requires power to be split between each channel, resulting in decreases to signal-
to-noise ratio that increase with the number of channels. Thus for certain applications,
the PPER architecture may enable performance metrics that compare favorably even with
established RF technologies.

Ultimately, the silicon-based PPER presented here would be implemented within com-
plex, fully-integrated silicon photonic circuits. For example, this device can be readily
interfaced with existing silicon-based modulators [270, 271] and integrated photodetec-
tors [272-274]. Combining these technologies would enable low-cost realization of PPER
operations within integrated microwave photonics. Furthermore, like other RF-photonic
filters, the PPER concept can be adapted to frequency-agile operation by modifying the
modulation scheme [164, 165, 202, 259]. More complex types of emit-receive filters are also
possible through the use of inter-modal interactions [221], for example using the modulator
design presented in Chapter 6.

More generally, emit-receive processes can be created in a variety of physical systems
where multiple optical fields couple through a common phonon mode. The key require-
ment in these systems is that the emit and receive channels must be optically isolated
from each other. Potential systems for studying PPER interactions include optomechani-
cal waveguides coupled to acoustic cavity supermodes [165], multi-core optical fibers [275],

and optical waveguides which guide light fields in disparate wavelengths [196,197] or spatial
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modes [221] within the same device. PPER interactions in these systems may enable optical
and RF signal processing and spectral analysis with platform flexibility complementary to
the silicon membrane device.

In summary, we have demonstrated efficient photon-phonon couplings within a dual-
core optomechanical silicon waveguide, and utilized emit-receive processes to create an RF-
photonic filter. This device supports robust Brillouin-based modulation and high-fidelity
filtering, which we studied within an RF-photonic link. Future work may explore large-scale
integration of such devices into a wide array of complex integrated photonic systems for

applications in communications, sensing, and microwave and optical signal analysis.
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Chapter 5
Inter-modal Brillouin Scattering

5.1 Introduction

The creation of strong forward-SBS interactions in silicon waveguides demonstrated that
flexible Brillouin-based signal processing is possible in silicon photonics. These results
represent a significant milestone—DBrillouin nonlinearities, which were previously absent
in silicon waveguides, have been transformed into the strongest nonlinear interaction in

silicon, with nonlinear coefficients in excess of 103-10* W—im~1.

Furthermore, Brillouin
interactions offer interesting degrees of tailorability not possible with bulk nonlinearities,
including the ability to separately access and control optical and mechanical degrees of
freedom, or to engineer couplings between multiple optical and/or elastic modes. These
powerful dynamics, which offer intriguing opportunities for new signal-processing operations
and physical phenomena, have been realized using intra-modal forward SBS. While FSBS
offers potential advantages over traditional fiber-based BSBS for certain applications, it does
not produce single-sideband gain. As a result, it is potentially difficult to adapt existing
BSBS-based technologies for signal processing, slow light, and filtering to silicon photonic
circuits using FSBS. In this section, we describe the development of on-chip stimulated
inter-modal Brillouin scattering (SIMS), which offers complementary dynamics to FSBS
while restoring single-sideband couplings reminiscent of BSBS.

Stimulated inter-modal and inter-polarization Brillouin scattering have previously been

observed in multi-mode [179] and microstructured fibers to demonstrate single-sideband
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gain and energy transfer [187], optical self-oscillation [276], and optical isolation [188].
Inter-modal Brillouin scattering in-optomechanical microsphere resonators has been used
to create attractive schemes for optomechanical cooling [205], Brillouin scattering-induced
transparency [207,208] (an opto-acoustic analogue to electromagnetically-induced trans-
parency), and nonreciprocal light propagation [211]. Beyond these exciting experimental
results, theoretical investigations have shown that these processes can permit broadband
optical isolation by harnessing the unique dispersion-tailorability of multimode interac-
tions [239,258]. These processes, in addition to many existing BSBS-based technologies,
should be achievable on-chip using SIMS.

The unique properties of SIMS result from the phase-matching requirements for inter-
modal scattering processes. In contrast to FSBS, where Stokes and anti-Stokes processes
couple to the same phonon mode, SIMS decouples these processes, requiring that phonons
which mediate Stokes and anti-Stokes scattering travel in opposite directions (see Section
2.2.3). As a result, stimulated Stokes amplification, as well as an array of nonreciprocal
operations, become possible through a forward-scattering process. The key to practical
implementations of SIMS is the development of integrated mode multiplexers, which en-
able the separation and routing of pump and signal waves without the use of narrowband
filters or optical circulators, as is necessary for typical BSBS-based signal processing tech-
nologies. These attributes make SIMS particularly enticing for flexible chip-based device
architectures.

We begin by describing the design of mode multiplexers that allow coupling to and
interrogation of individual optical spatial modes of an integrated multimode waveguide.
Next, we design a multimode suspended optomechanical waveguide and investigate its linear
and nonlinear optical properties. Thereafter, we carefully characterize the Brillouin response
of this device to demonstrate single-sideband gain, net optical amplification, and significant
(> 50%) optical energy transfer. [221] This process is harnessed to create the first Brillouin
laser in a silicon waveguide [222], and to demonstrate optomechanical cooling of a band
of phonons within a linear waveguide [223]. These highly-customizable SIMS interactions
within silicon waveguides demonstrate new techniques for controlling and tailoring Brillouin

interactions in integrated photonic circuits.
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5.2 Integrated Mode Multiplexers

In order to perform on-chip inter-modal nonlinear optics, we first developed integrated
mode multiplexers that we use to address separate spatial modes of a silicon ridge waveg-
uide. We investigated two designs that have previously been studied in silicon-on-insulator
optical circuits: asymmetric Y-junction couplers [277] and mode-selective directional cou-
plers [278]. It was necessary to adapt designs previously implemented using nanowire cou-
plers in Refs. [277,278] using ridge waveguides that are easily compatible with our Brillouin-
active waveguide structures !. Through our experiments, we found that the Y-junction
structures, which involved adiabatically combining two waveguides of different widths, were
very sensitive to proximity effects around the junction region during e-beam lithography,
which made them less robust for broadband operation. As a result, the majority of our
fabricated devices employ the mode-selective directional coupler design.

The basic structure of the mode-selective coupler is diagrammed in Fig. 5.1a. Note
that this mode multiplexer is written in the same layer as the 80-nm-deep ridge waveguide,
permitting simple fabrication. A wide multimode waveguide guides two optical modes—
a fundamental (symmetric) and a first-excited (anti-symmetric) optical mode. Light in
the symmetric optical mode does not couple to the narrow coupler waveguide as it passes
through the coupling region of length L. due to the different waveguide widths. However,
light guided in the fundamental mode of the coupler waveguide strongly couples to the anti-
symmetric spatial mode of the wide waveguide since the effective indices of these two modes
are approximately matched, permitting phase-matched evanescent coupling to occur. From

a coupled-mode treatment, the fraction of guided-wave power C' that is converted from the

coupler waveguide to the anti-symmetric mode is given by the equations [279]:

c= % sin (BoLe) , (5.1)

1. A practical consequence of this is that the ridge waveguide couplers can have increased modal crosstalk
due to the reduced effective index differences between optical modes.
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Figure 5.1: Mode-selective directional couplers, (a) Top-down diagram of the di-
rectional coupler design showing the relevant device dimensions. Light incident in the
fundamental symmetric mode of the wider waveguide remains in the same waveguide mode.
By contrast, light injected into the fundamental mode of the narrow coupler waveguide
is coupled into the higher-order anti-symmetric mode of the wide waveguide, (b) FDTD
simulation showing typical device dimensions and simulated power coupling into the anti-
symmetric mode of the wider waveguide. For the parameters of this simulation, 78% of the
injected light is coupled into the anti-symmetric spatial mode. Adapted from Ref. [21].

114



R= \/2«a2+ (A- At .2)

Here /51 and > are the propagation constants of the anti-symmetric waveguide mode and
the fundamental mode of the coupler waveguide within their respective waveguide cores,
and : and Ko are the one-way coupling coefficients of the two modes. This equation
shows that near-unity power transfer is possible when the effective indices of the two modes
are well-matched. Note also that both the magnitude and phase of the coupling change
dramatically with changes in propagation constant mismatch, permitting efficient coupling
into the desired mode with relatively little crosstalk to other waveguide modes.

To optimize the coupler design for our SOI ridge waveguide platform, we performed
parameter sweeps of FDTD simulations using Lumerical (see Fig. 5.1b) and fabricated
device splits to optimize designs. The as-fabricated directional couplers achieved 60-95%
coupling from the fundamental mode of the coupler waveguide to the anti-symmetric mode

of the wider waveguide depending on design parameters.
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+ 0/0, (lightcoupled in 12)
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Figure 5.2: Mode multiplexer characterization (a) depicts schematics for a crosstalk
measurement. In the top panel, light injected into input port 1 with power /| is coupled
into the symmetric mode with a small amount of light scattered into the anti-symmetric
mode. Most of the light is correctly de-multiplexed into output port 1, but some light exits
through port » due to modal crosstalk in both the input and output couplers. Similarly,
in the bottom panel light coupled into input port . with power /2 is converted into the
anti-symmetric mode with a small amount of light coupled into in the symmetric mode.
This light propagates through the multimode waveguide before being de-multiplexed at the
output, (b) Typical power crosstalk spectra as a function of input light wavelength for one
device. The total crosstalk is calculated by dividing the output powers of the two ports.
Adapted from Ref. [21]
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In practice, some small amount of light is (de)multiplexed into the incorrect mode or
port due to the intrinsic coupling of the device, or scattering from surface roughness in
the coupler or throughout the intermediary waveguide, resulting in modal crosstalk. We
investigated the crosstalk performance of the mode multiplexers by placing two nominally
identical couplers in series and measuring the transmitted power between each set of input
ports—this experiment is diagrammed in Fig. 5.2a. The two ports of each coupler refer to
(1) light incident into the wide multimode waveguide in the symmetric mode or (2) light
incident into the narrow coupler waveguide which is ideally coupled into the anti-symmetric
mode of the multimode waveguide. Note that crosstalk can happen in both input and
output multiplexers—for example, in the top panel of 5.2a, most of the input light in port
(1) is correctly multiplexed into the symmetric mode, but a small amount is coupled into
the anti-symmetric mode (crosstalk). At the output, the majority of the light in the anti-
symmetric mode will couple out of port 2. However, additional crosstalk from light in the
symmetric mode can lead to additional power coupled out of port 2. As such, assuming
identical crosstalk in both (de)multiplexers, the addition of a second multiplexer in series
leads to and additional 3 dB of crosstalk—in practice this effect is likely even more dramatic
since the two multiplexers are not identical due to dimensional variations across the cm-scale
silicon chip.

Fig. 5.2b plots the corresponding crosstalk through the two (de)multiplexers in series
as a function of wavelength for one typical device. Median crosstalk values for this configu-
ration are typically -15 to -20 dB, but at certain wavelengths have net crosstalk well below
-30 dB. These crosstalk numbers may be improved through further design optimization and
by using multimode waveguide designs with larger effective index splitting between sym-
metric and anti-symmetric modes. Throughout this chapter, all experiments performed on
multimode waveguides are carried out in regions with total crosstalk less than -20 dB (-30

dB typical).
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5.3 Multimode Optomechanical Waveguide Design

The design of the multimode Brillouin-active waveguide is based on the same design strate-
gies for optical and elastic-wave guidance developed in Chapter 3.2, except we utilize a
wider ridge waveguide to support low-loss guidance of two optical modes. A schematic
of the multimode membrane-suspended waveguide is plotted in Fig. 5.3a. As before, the
optomechanical waveguide consists of a silicon ridge waveguide on a suspended membrane.
Scanning electron micrographs (SEM) show the cross-section of a fabricated device (Fig.
5.3b) and a top-down view of one suspended segment (Fig. 5.3c) 50 pm in length. The
active device region consists of a 80 nm x 1.5 pym wide ridge on a 135 nm thick silicon
membrane of variable width w, with a typical value of w = 2.85 um (Fig. 5.3¢).

This optomechanical waveguide supports low-loss guidance of a fundamental (symmet-
ric) and a first-excited {anti-symmetric) transverse electric-like optical mode through total
internal reflection. These modes are plotted in Fig. 5.3f-g, respectively, at A = 1550 nm.
While, in principle, several higher-order modes are also guided by this structure, they do
not support low-loss guidance due to interactions with the tether structures and are not
excited through the experiments in this chapter.

This system also supports guidance of numerous elastic waves, which are confined to
the membrane structure due to the large silicon-air acoustic impedance mismatch. How-
ever, only a small number of these elastic modes possess the correct symmetry and modal
overlap to mediate strong Brillouin coupling. One such ~6 GHz elastic mode that couples
strongly to the electrostriction-mediated optical force resulting from interference of the two
optical modes (5.3h) is plotted in 5.3i. Phase-matching for the light-sound coupling can be
understood from the top-down device diagrams in Fig. 5.3j-l; Fig. 5.3j depicts a 14-pm-
long device segment with the membrane shown in dark gray and the ridge highlighted in
light gray. The displacement of these features due to the guided elastic mode is plotted in
Fig. 5.3k. For comparison, the intensity beat-note of the two optical modes is plotted on
the same scale in Fig. 5.3l. Both vary over the same longitudinal period, indicating that
coupling between these fields is phase-matched.

In the next section, we characterize the linear and nonlinear optical propagation losses
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Figure 5.3: Multimode optomechanical waveguide, (a) depicts a schematic of the sus-
pended multimode Brillouin-active waveguide, (b) plots a cross-sectional scanning electron
micrograph (SEM) of the device as-fabricated, with a scale bar representing 500 nm. (c)
plots a top-down SEM of the device showing one suspended segment. The scale bar corre-
sponds to 20 pm in length, (d) depicts a simplified view of the device cross section, with the
dashed region highlighted in (e)-(i); (e) Plots the relevant dimensions of the device cross-
section, with a variable total width w which is typically around ».s pm. (f) and (g) plot the
simulated x-directed electric held components for the symmetric and anti-symmetric optical
modes of the waveguide. The interference between these modes drives an electrostrictive
force distribution plotted in (h). The displacement held of a - ¢ GHz elastic mode which
couples strongly to this optical force is plotted in (i). (j) plots a top-down view of a 14 pm
long device segment, with the longitudinal phase-matching condition depicted on-top. This
length corresponds to the phonon wavevector g. The elastic displacement for the membrane
(dark gray) and ridge (light gray) regions is plotted in (k) over the same scale, showing one
longitudinal acoustic wavelength. The intensity beat note between the two optical modes
is plotted in (1). This beat note has the same wavelength as the phonon and represents a
visual demonstration of the phase-matching condition, (m)i-iii plot the spatial distribution
of the optical intensity at three slices of the waveguide. Adapted from Ref. [2:].
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of this structure. We will find that both symmetric and anti-symmetric optical modes
propagate with low linear loss. Furthermore, due to the large optical mode areas and
reduced modal overlaps for inter-modal interactions, nonlinear losses are also suppressed in
this same structure. Thereafter we will characterize inter-modal Brillouin coupling in this

device.

5.4 Linear and Nonlinear Losses in Multimode Silicon Waveg-

uides

In analogy to Chapter 3.3-3.4, where we characterized the linear and nonlinear propagation
characteristics of the FSBS-active optomechanical silicon waveguide, here we study the lin-
ear and nonlinear propagation coefficients of the new multimode optomechanical waveguide
structure. In particular, we find that the reduced modal overlap leads to a reduction in
inter-modal nonlinear losses as compared to intra-modal waveguides.

We first calculate the effective third-order nonlinear coefficients using a FEM simula-
tion. As in the single-mode case, these nonlinearities are slightly increased from their bulk
material values due to the nontrivial vectorial nature of the highly-confined propagating
optical modes [247]. We again assume bulk nonlinearity values of ng = 4.5 x 107% m2W~1
and Brpa = 7.9x 10712 m?W~! [245] for the Kerr effect and two-photon absorption, respec-
tively. From our simulations, we calculate guided-wave Kerr coefficients of 4! = 74 £ 11
mIWL 422 = 71211 m™ W1, and {2 = 42! = 44+ 7 m~!W~!. Here we have used the
superscripts of v to label the optical modes participating in the nonlinear coupling, where
superscript 1 (2) refers to the symmetric (anti-symmetric) waveguide mode. Similarly,
we calculate two-photon absorption coefficients of S =344+ 10 m™1W~1, 22 =30+ 9
m~ W1 and 12 = 8% = 20+ 6 m~ WL For all of these coefficients, we use units
of guided wave power instead of optical intensity for simplicity, i.e. vk = now/(c - Aesr)
and 8 = Brpa/Aes, where A.g is the effective nonlinear mode area. These two-photon
coefficients are difficult to separate from higher-order free carrer losses through nonlinear
transmission measurements. Since the TPA coefficient of silicon is relatively well-known,

we assume that the guided-wave TPA coefficients are equal to the calculated values. Along
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with linear and nonlinear transmission measurements, these values are used to estimate the
inter- and intra- modal free-carrier absorption coefficients, y¥/*,

We first characterize the linear propagation losses ot of each mode by measuring the
intrinsic Q-factors of racetrack resonators fabricated from suspended multimode silicon
waveguides of varying lengths. The results of these measurements are plotted in Fig. 5.4a-b
and correspond to linear propagation losses of 0.24+0.02 dB/cm (a1 =5.5+.5m™!) for the
symmetric mode and 0.3040.12 dB/cm (a? = 6.8+ 2.7 m™?) for the anti-symmetric mode.
The increased losses for the anti-symmetric mode are likely due to increased interactions
with rough sidewalls (and potentially with the periodic tethers) which cause scattering losses
to occur. Further reduction of linear losses for both modes is likely possible by expanding
the membrane width to reduce these scattering losses.

Next, we characterize the intra-modal nonlinear transmission of our waveguide. The
intra-modal power evolution in the presence of linear and nonlinear loss in a single-mode
silicon waveguide is modeled by the differential equation

dp;

== —o'P, — BiP2 _~iip3 (5.3)

where o is the linear propagation loss coefficient for the i*h waveguide mode and % is
the intra-modal fifth-order nonlinear loss coefficient due to FCA. Fitting measured nonlinear
transmission measurements (Fig. 5.4c-d) to this model allows the calculation of %,

To determine these free-carrier losses, power-dependent transmission data for each op-
tical mode are fit to Eq. 5.3 using Mathematica. In these fits, o' and o? are fixed to their
measured values and B, 512, and $?? are fixed to their calculated values. Intra-modal
transmission data for each mode are plotted in Supplementary Figure lc-d as a function
of input power, and are best fit with free-carrier absorption coefficients vy = 900 + 400
m W2 and v?2? = 720 + 430 m~ W2,

As in the case of the intra-modal optomechanical waveguide, significant reduction of
the effective free-carrier lifetime is observed compared to bulk values due to in-plane carrier
diffusion [249]. The estimated fifth-order absorption coefficients are consistent with a free-

carrier lifetime of 1.5 ns according to a Drude-Lorentz model [248,249] or a lifetime of 1.2
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Figure 5.4: Linear and nonlinear loss measurements for the multimode waveguide.
Panels (a) and (b) plot linear loss vs. ring resonator length for the symmetric and anti-
symmetric waveguide modes, respectively. Panels (c) and (d) plot output vs. input power
for these two modes. All measurements are at Aw 1550 nm. Adapted from Ref. [221].
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ns according to a Drude-Sommerfeld model of free-carrier absorption [250].
In the presence of a bright pump F;, the inter-modal nonlinear loss experienced by a
weak signal field P; guided in a different optical mode is given by the additional differential

equation

ap,
dz

=-adP; - 287 P,P; — " P2P; . (5.4)

Comparing this equation to measured cross-modal nonlinear loss while using the mea-
sured value of o and calculated value for 47 allows estimation of v/%. Measurements of
small signal inter-modal nonlinear loss of 0.45 dB are observed at 76 mW symmetric-mode
pump powers, consistent with v211 ~ 122 = 310 + 200 m~'W~2, around 34% of y!!1. Ac-
cording to the overlap integral method for calculating inter-modal free-carrier losses from
Ref. [250], v2!! is expected to be 41% of y!! in magnitude, which agrees well with the
measured value. Note that the measured inter-modal free-carrier loss is very uncertain—this
results from a variety of factors. First, at the tested input powers this effect is very weak.
Second, it depends on the calculated values for TPA, which are somewhat uncertain. Fi-
nally, heating of the mode-converter structures can lead to variations in mode coupling and
transmission due to the thermo-optic effect.

It is worth noting that these nonlinear losses are greatly reduced from the intra-modal
FSBS-active waveguide. This results from a combination of increased mode volumes,
further-decreased free-carrier lifetimes, and reduced modal overlaps for inter-modal inter-

actions. These reduced nonlinear losses bode well for optical amplification and robust

operation at high optical pump powers, necessary for low-noise laser designs.

5.5 Stimulated Inter-modal Brillouin Scattering

In this section, we describe the experimental observation of stimulated inter-modal Bril-
louin scattering within the silicon optomechanical waveguide. We first discuss the oper-
ation scheme of the waveguide and the phase-matching requirements for SIMS. Next, we
characterize Brillouin coupling within this device and demonstrate single-sideband gain and

optical amplification. Finally, we demonstrate strong stimulated energy transfer between

122



two optical fields and discuss further experiments.

5.5.1 Operation Scheme

Through SIMS, we consider the interaction of symmetric and anti-symmetric optical modes
(labeled mode 1 and mode 2, respectively) with a guided elastic wave. These three waves,
depicted pictorially in Fig. 5.5a, propagate within the optomechanical waveguide described
in Section 5.3. We interface this multimode silicon waveguide with mode multiplexers
based on the directional coupler design detailed in Section 5.2, which we diagram in 5.5b;
light incident in port 1 of the mode multiplexer is coupled into the symmetric waveguide
mode, while light incident in port 2 is coupled into the anti-symmetric spatial mode. These
couplers may also be operated in reverse to de-multiplex these modes into their respective
ports.

The operation scheme of the SIMS-active waveguide is depicted in 5.5¢. A strong pump
wave at frequency wp is injected into port 1 of the input multiplexer and coupled into
the symmetric optical mode. A red-detuned signal wave with frequency ws is coupled
through port 2 into the anti-symmetric mode. The difference frequency between these
waves 2 = wp —w; is set equal to the resonance frequency of the Brillouin-active phonon Qp.
As these optical waves propagate through the active device region, they experience strong
inter-modal Brillouin coupling through the phonon at frequency Qp to produce stimulated
Stokes energy transfer from pump to signal waves (this power evolution is sketched in the
top panel of 5.5¢). Afterwards, pump and signal waves are demultiplexed through a second
mode multiplexer into two output waveguides, permitting separate routing of these waves
on-chip.

In contrast to intra-modal forward SBS, this process produces single-sideband optical
gain. This two-wave coupling is possible through SIMS because the Stokes and anti-Stokes
scattering processes are mediated by different phonon modes. This distinction can be un-
derstood from the phase-matching conditions for these two processes.

Through a Stokes process, diagrammed in Fig. 5.5g, a pump photon (wyp, k1(wp)) guided
in the symmetric optical mode is scattered to a red-shifted signal photon (ws, ka(ws)) in

the anti-symmetric mode, and a Stokes phonon with (frequency, wavevector) = (£, gs).
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Figure 5.5: Operation scheme for on-chip stimulated inter-modal Brillouin scat-
tering. (a) diagrams the three modes which participate in the SIMS process, including
symmetric (blue) and anti-symmetric (red) optical modes and the Brillouin-active elastic
mode (gray), (b) depicts operation of the mode multiplexers which are here shown as a two-
port “gray box.” Light incident in port : is coupled into the symmetric waveguide mode,
whereas light incident in port » is coupled into the same waveguide’s anti-symmetric spa-
tial mode, (c) depicts stimulated inter-modal Brillouin energy transfer. Pump (blue) and
signal (red) waves are coupled into the symmetric and anti-symmetric waveguide modes,
respectively, of a Brillouin-active multimode waveguide. As these waves traverse the device,
energy transfers from the pump to the signal wave (top). Afterwards, the two waves are
demultiplexed through an identical mode-selective coupler and may be routed elsewhere on-
chip. (d) and (e) depict phase-matching and energy conservation for Stokes and anti-Stokes
scattering processes, respectively. Each couples to a phonon with a different wavevector,
but nearly identical frequencies, as plotted in the acoustic dispersion curve of (f). (g) and
(h) sketch Feynman-like scattering diagrams for Stokes and anti-Stokes processes. In the
Stokes process (g), an incident pump photon is converted to a red-shifted signal photon and
a phonon. In the anti-Stokes process (h), an incident pump photon annihilates a phonon
and is blue-shifted. Adapted from Ref. 21 ]
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For this process to efficiently occur, both energy conservation (s = wp — ws) and phase-
matching conditions (gs = k(wp) — k(ws)) must be satisfied. Combined, these require that
gs = k1(wp) — k2(wp — Q). This condition is represented through the diagram in Fig.
5.5d, which plots phase-matching (energy conservation) on the horizontal (vertical) axis. A
phonon that satisfies the SIMS condition lies on the ¢(f2) sketched in Fig. 5.5f and maps
light between initial (open circle) and final optical states (solid circle) on the two dispersion
branches of Fig. 5.5d. In this configuration, the phonon that mediates a Stokes process is
forward-moving.

By contrast, through the anti-Stokes process, diagrammed in Fig. 5.5h, a pump photon
(wp, k1(wp)) combines with an existing guided phonon (£2as, gas) to produce a blue-shifted
photon (w,s, k2(was)). For this process, phase matching and energy conservation require
das = k2(wp + Qas) — k1(wp). This process is diagrammed in Fig. 5.5e. In this configuration,
the anti-Stokes phonon that scatters light between initial (open circle) and final optical
states (solid circle) is backward-moving.

Because the Stokes and anti-Stokes processes are mediated by phonons with distinct
wavevectors (gs # ¢as), the two processes are decoupled, resulting in separate single-sideband
couplings for Stokes and anti-Stokes processes. These dynamics contrast sharply with those
of intra-modal FSBS, where the same phonon couples to both Stokes and anti-Stokes scatter-
ing processes, meaning that the two always co-exist in the absence of an external symmetry-
breaking mechanism. The dynamics of FSBS also permit cascaded Brillouin scattering
processes, which are not possible through two-mode SIMS.

By breaking the symmetry between Stokes and anti-Stokes processes, SIMS also decou-
ples phonon generation and annihilation to permit stimulated phonon gain. As a result,
SIMS produces stimulated Stokes amplification for both signal and phonon waves, making
it readily amenable to laser designs that initiate laser oscillation from thermal mechanical
noise. At the same time, since anti-Stokes processes can only occur from thermal (or oth-
erwise externally-driven) phonons, this spontaneous scattering process provides a potential
way to damp (cool) phonons within a linear waveguide and without the external optical
and acoustic cavities typically employed within cavity-optomechanical systems. We explore

these physics in Section 5.9.
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5.5.2 Experimental Demonstration of Inter-modal SBS

Next, we quantify SIMS gain and amplification within the silicon optomechanical waveguide.
All experiments are performed using the setup diagrammed in Fig. 5.6a. Pump, signal,
and reference local oscillator waves are synthesized from the same continuous-wave laser by
splitting it into three paths: The top path is used to create a strong pump by amplifying laser
light at frequency wp through an erbium-doped fiber amplifier. This light is then coupled
on-chip and into the symmetric waveguide mode through use of and integrated grating
coupler and a mode multiplexer. A weak probe wave at frequency wp, — Q is synthesized in
the middle path using a null-biased intensity modulator driven by a microwave frequency
synthesizer which scatters light to symmetric sidebands at wy, =2, and a notch filter to filter
out the unwanted sideband. This light is then coupled into the anti-symmetric waveguide
mode of the Brillouin-active waveguide. After passing through the active device region, this
probe wave is coupled off chip and combined with a frequency-shifted local oscillator at
frequency wp, + Aaom which is produced in the bottom path by passing laser light through
an acousto-optic modulator. These two tones are then incident on a fast photodetector
where their beat note produces a microwave signal at Q + Aaom with a power proportional
to the transmitted probe power.

To observe the frequency-dependent Brillouin coupling of the suspended optomechani-
cal waveguide, the transmitted probe power is measured as a function of the pump-probe
detuning ; when Q is equal to the frequency of a Brillouin-active phonon, optical Bril-
louin gain is observed. The experimentally-measured Brillouin gain spectrum for a pump
power of 70 mW is plotted for pump-probe detunings from 0.5-9.5 GHz in Fig. 5.6b. In
this spectrum, several Brillouin-active phonon modes (labeled B1-B9) are visible, including
dominant resonances B1l, B3, and B6. The frequencies of these phonon modes show good
agreement with those predicted from multi-physics finite element simulations (plotted as

violet circles along the abscissa).
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Figure 5.6: Experimental observation of stimulated inter-modal Brillouin scat-
tering. (a) Diagram of the experimental apparatus used to study SIMS gain and energy
transfer. A pump laser around 1550 nm with frequency ap is split into three paths-two
are used to synthesize optical pump and probe waves, while the third is used to synthe-
size a frequency-shifted reference held at ap + A using an acousto-optic modulator. The
pump wave (frequency &p) is amplified through an erbium-doped fiber amplifier (EDFA),
and the probe wave WP —Q is optionally passed through a second EDFA (labeled EDFA?2)
to boost the intensity of the probe wave for the energy transfer experiment. After pass-
ing through the active device, the probe wave is coupled off-chip and combined with the
reference held for heterodyne detection, (b) Plots a SIMS gain spectrum for pump-probe
difference frequencies D between 500 MHz and 9.5 GHz, showing several resonant gain
features corresponding to Brillouin-active elastic modes. The three highlighted dominant
modes, labeled B1, B3, and Bs, have gain spectra plotted in more detail in corresponding
insets. The simulated frequencies of the Brillouin-active modes are plotted as violet circles
along the abscissa. The rightmost inset shows the peak single-sideband SIMS gain (red)
for mode Bs as a function of increasing pump power, with no observed anti-Stokes compo-
nent (purple). The gain spectrum is included diagrammatically between the data curves.
Adapted from Ref. [>21].
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5.5.3 Single-sideband Brillouin Gain

As discussed earlier, in contrast to FSBS, which produces multi-field couplings, SIMS dy-
namics lead to single-sideband couplings as a result of phase-matched symmetry-breaking
between Stokes and anti-Stokes processes. To experimentally study this behavior, we focus
on the Brillouin resonance B6 at a frequency of 6.03 GHz, which is engineered to have the
strongest Brillouin coupling; this mode is studied from a design perspective in Fig. 5.3.
To study single-sideband gain, we fix the pump-probe frequency detuning to Q@ = 27 x
6.03 GHz and observe the output optical spectrum as the pump power is increased. As
plotted in the rightmost inset of 5.6b, as the pump power increases to a maximum of 70 mW,
3 dB of optical gain for the signal tone is observed (red dots) through a stimulated Stokes
scattering process. In contrast to FSBS, no light is scattered to the anti-Stokes order (purple
dots) as pump power is increased. This result verifies the expected symmetry-breaking from

the inter-modal phase matching requirements (Fig. 5.5d-e).

5.5.4 Single-sideband Amplification

We next quantify the strength of this single-sideband SIMS gain and show that it is sufficient
to permit optical amplification. Within the silicon waveguide, net amplification requires
that the Brillouin gain be greater than the probe-wave linear and nonlinear losses, which
were previously characterized in Section 5.4. To quantify the strength of the Brillouin gain,
we use the experiment diagrammed in Fig. 5.6a to tune the pump-probe detuning through
Q = 27 x 6.03 GHz, the Brillouin frequency of mode B6, at different pump powers. Three
gain spectra for on-chip pump-wave powers of 13, 43, and 88 mW are depicted in Fig.
5.7b.i-iii, showing both the intrinsic narrow linewidth (13 MHz) for the high quality-factor
(Q = Qp/AQ = 460) phonon mode, and a maximum of 3.5 dB of optical gain at the highest
tested pump power. The peak gain as a function of pump power is plotted in Fig. 5.7b,
along with optical losses. A red theory curve is plotted atop the measured data and is fit to
a model capturing the linear and nonlinear optical properties of the membrane waveguide
to determine a Brillouin gain coefficient of Gg = 470430 W~ 'm~!. Both the measured gain

as well as the Brillouin frequency agree well with values from finite element simulations,
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Figure 5.7: Inter-modal Brillouin amplification, (a) Inter-modal Brillouin gain spectra
for mode B6 around 6 GHz, plotted for three different pump powers, showing a narrowband
(13 MHz) Brillouin resonance and 3.5 dB of optical gain at the highest tested pump power,
(b) plots peak gain (red) and linear (gray) and total optical losses (green) as a function of
pump power for this Brillouin-active phonon, while (c) plots the calculated on-chip ampli-
fication, obtained by subtracting total loss from Brillouin gain. The pump power threshold
for net amplification is 18 mW. Adapted from Ref. [221].
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which give a Brillouin gain Gg = 430470 W~ 'm™! and frequency Qp = 27 x 6.07 GHz for
this device with width w = 2.85 pm.

From Fig. 5.7b, it is apparent that total gain exceeds loss for on-chip powers greater
than ~18 mW. The total net amplification, calculated by subtracting linear and nonlinear
losses from the Brillouin gain, is plotted as a function of pump power in Fig. 5.7c, reaching
a maximum value of 2.3 dB at the highest tested pump powers. Through these experiments,
the total on-chip power was limited only by the pump power supplied by the EDFA; therefore

additional amplification should be possible at higher pump powers.

5.5.5 Pump-probe Gain and Loss Schemes

Thus far, we have focused on inter-modal Stokes amplification where pump light is in the
symmetric optical mode and red-shifted probe light is in the anti-symmetric optical mode.
It is also possible to inject pump light into the anti-symmetric mode to amplify probe light
in the symmetric mode. Furthermore, when the probe is blue-detuned from the pump by
the Brillouin frequency, it experiences Brillouin attenuation through optical energy transfer
into the pump wave. All of these processes are forms of stimulated inter-modal Stokes
scattering, which transfers energy to red-shifted frequencies. Experimental data for four
different pump-probe configurations are plotted in Fig. 5.8a. These data were obtained
using a Brillouin-active waveguide of width w = 2.77 um, having a Brillouin frequency
Qp/27 = 6.16 GHz and gain Gp = 404 + 20 W~ Im™!. This specific experiment utilized
the asymmetric Y-junction mode converter design that allows near-unity coupling into each
optical mode [277]. Net amplification is achieved for probe light in both modes around
pump powers of 20 mW. Furthermore, 3 dB of Brillouin loss is also possible for probe
waves in either mode. Because this probe wave experiences attenuation only when it is co-
propagating with the optical pump, this can be seen as a form of nonreciprocal transmission
(optical isolation), though the nonreciprocal effect bandwidth in this scheme is limited to

the linewidth of the phononic response [188].
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Figure 5.8: Inter-modal gain and loss configurations. Four panels show experimental
results of inter-modal gain or attenuation for a probe signal in four-different pump-probe
configurations. The top two panels show Brillouin gain of a red-shifted probe in anti-
symmetric and symmetric modes, respectively, while the bottom two panels show loss in
a probe which is blue-detuned from the pump by the Brillouin frequency. Adapted from

Ref. [221].
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5.6 Single-sideband Energy Transfer

We have shown that, through the use of a multimode optomechanical waveguide, strong
inter-modal Brillouin scattering can be used to create single-sideband amplification in sili-
con. In addition to producing single-sideband gain, a key element of the dynamics of SIMS
is the ability to support significant energy transfer between two optical fields—In fact, in
the limit of large couplings over long length scales, near-unity power transfer from pump
to signal waves is supported through SIMS coupling. These dynamics have previously been
studied in highly-nonlinear fiber optics [187,188], but not in integrated waveguide systems,
despite their potential to produce strong mode conversion, optical switching, and broadband
optical nonreciprocity [258,280]. These dynamics also contrast sharply with the behavior of
intra-modal FSBS, which, in the limit of strong energy transfer, instead produces cascaded
comb-line generation, as studied in Chapter 3.7.1 and Ref. [186].

The dynamics of this process are governed by the coupled amplitude equations [233,250]:

OP,

azp == (O‘p + BppFp + ’VDDPPS) Py — (G + 2Bps + 4vpps Pp + YpssPs) Ps Py, (5.5)
0P 9

a2 - (as + Bss Ps + 'Ysssps ) P — (_G + 2ﬁsp + 4’VsspPs + 'YsppPp) PpPs- (5-6)

Here P, and Ps are the powers in the pump and Stokes (red-detuned signal) fields, «; is
their corresponding linear loss coefficients, and f;; and +;;; are the intra- and inter-modal
noulinear loss coeflicients, where 1, j, k € p,s are shorthand for the fields participating in the
corresponding absorption process. Note that enhanced nonlinear losses are experienced in
the presence of multiple strong optical fields—these combinatorial factors can be thought of
as resulting from the interference of the pump and probe waves.

To quantify the strength of SIMS energy transfer within the silicon membrane waveguide,
we use a second EDFA (labeled EDFA2 in Fig. 5.6a) to boost the total power of the probe
wave (frequency wp — ) so that its on-chip power is equal to that of the pump wave. Here
the pump-probe detuning 2 is fixed to the Brillouin resonance frequency so that strong
inter-modal Brillouin coupling occurs. As pump and probe waves propagate through the

waveguide, energy is transferred from pump to probe with a fractional efficiency which
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Figure 5.9: SIMS energy transfer, (a) plots representations of input and output spectra
demonstrating inter-modal energy transfer, showing pump-wave depletion and Stokes-wave
growth at the device output relative to their input amplitudes, (b) plots experimentally-
measured normalized pump and Stokes output powers as a function of total power incident
to a SIMS-active device. Adapted from Ref. [221].
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increases with the total combined power. As in the gain experiment, these waves are de-
multiplexed at the output of the device and the power of each is measured at the output
ports. For these experiments, we use a device with width w = 2.77 pm and Brillouin gain
Gp =420+ 20 W im™1

The net energy transfer is plotted as a function of total incident power in Fig. 5.9b,
showing a maximum of 50% fractional energy transfer at the highest combined input power
of 150 mW. These results demonstrate significant power conversion—many 10s of mW—
from the fundamental to higher-order waveguide mode, demonstrating the potential for
efficient SIMS mode conversion in silicon waveguides. The total power handling of 150 mW
in the unclad silicon waveguide was limited due to the ~100 mW power handling of the
input mode multiplexer. However, designs with higher power tolerances should be possible.
Importantly, the limiting factor is not the multimode silicon waveguide itself, indicating that
further energy transfer is possible even with the same waveguide design; for comparison,
longer propagation lengths (~7 cm) with similar gain and loss coefficients to this integrated
silicon waveguide could theoretically permit >90% energy transfer efficiency.

These results, showing strong energy transfer over short propagation lengths, compare
well with energy transfer experiments in fiber optic waveguides, and may form a basis for
new nonlinear and nonreciprocal processes. Ref [187] demonstrated 97% energy transfer
using 300 mW total powers in a 15 meter long highly-nonlinear photonic crystal fiber with
a Brillouin gain coefficient Gg ~ 1 W—'m™!. With further work, similar efficiencies should

be possible in integrated waveguides [280,281].

5.6.1 SIMS vs. FSBS Cascading and Phonon Dynamics

Single-sideband energy transfer through inter-modal forward scattering exhibits very dif-
ferent dynamics from the intra-modal FSBS studied in Section 3.7.1. While SIMS couples
only two optical fields, the latter permits stimulated energy transfer to multiple successive
orders, limiting the strength of power conversion from pump to signal waves to around
50%. These results are contrasted in Fig. 5.10a-d, which plot energy transfer stem plots
for SIMS (a) and FSBS (b) at roughly equal gain-power-length (GgPL) products. Because

the phonon that mediates SIMS phase matches unidirectionally from one optical mode to
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another, cascading is forbidden—in principle this removes the ~50% limit on Stokes energy
transfer set by FSBS cascading (see Section 3.7.1). On-chip inter-modal scattering also
provides a powerful means to control the dynamics of traditional nonlinear couplings such

as four-wave mixing [282].
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Figure 5.10: Comparison of SIMS and FSBS energy transfer dynamics. Stem
plots showing normalized output power spectra under two-tone driving for a FSBS-active
waveguide (a) and a SIMS-active waveguide (b). For both experiments, the total incident
power is equally divided by two incident waves separated by the Brillouin frequency of
the device (denoted by dark blue arrows). While SIMS produces energy transfer only
between fields at the incident optical frequencies, FSBS leads to cascaded energy transfer
to additional frequency lines. Adapted from Ref. [221].

It is worth pointing out one final difference between FSBS and SIMS dynamics which
is important for certain applications. Specifically, while FSBS drives a phonon field whose
amplitude is uniform in space (at least in the absence of optical loss), SIMS does not. This

can be understood from the power transfer dynamics of these processes: for FSBS, the rates
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of anti-Stokes (phonon annihilation) and Stokes (phonon generation) processes are balanced
[233], so the phonon amplitude will not vary in space under almost all circumstances. In the
limit of large spatial phonon dissipation, the total phonon field amplitude in a FSBS-active

waveguide can be expressed as a coherent sum of the optical field amplitudes:

b= Z ayan+1 (5.7)
n

where n indexes over the participating optical lines which differ in frequency from their
neighbors by the Brillouin frequency, and a, is the amplitude of the n'" comb line. This
constant phonon field (and hence constant photoelastic modulation amplitude) leads to the
phase-modulation-like response of cascaded FSBS, and also makes FSBS an ideal candi-
date for applications where long-range driven phonon fields are useful-one such example is
studied in Chapter 4 and in Refs. [165,220].

By contrast, SIMS produces stimulated phonon emission, which strongly modifies the
spatial dynamics of the phonon field. In the case where SIMS energy transfer is very strong
over length scales smaller than the phonon decay length, stimulated phonon emission leads
to Rabi flopping between the photon and phonon fields [283]—in this situation, the phonon
field, whose intensity rapidly increases in time, enhances the pump-Stokes scattering rate
until complete energy transfer is achieved. Thereafter, the back-action of this phonon field,
which has not yet decayed, leads to anti-Stokes scattering (and phonon annihilation) until
energy is transferred back to the pump field. These dynamics require extremely strong
light-sound coupling, and is yet to be experimentally observed in linear Brillouin-active
waveguides.

Under more typical circumstances, where the spatial phonon decay rate is larger than

the Brillouin coupling length, the phonon field intensity follows the pump-Stokes beat note:

b=aZap (5.8)

where as and ap, are the amplitudes of the Stokes and pump waves.
This results in a driven phonon intensity whose field is growing in space when the probe

wave is smaller than the pump wave, and decreases at longer propagation lengths where the
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strength of the probe wave overtakes that of the pump wave. These dynamics produce the
self-limiting pump-Stokes energy transfer observed in Fig. 5.9 and Refs. [187,188]. However,
this process also intrinsically localizes the phonon field driven by SIMS to the spatial domain
where strong energy transfer occurs. This driven phonon localization poses a potential
difficulty to high-efficiency optical isolator and circulator designs based on acousto-optic

light scattering from phonons driven via SIMS [258].

5.7 Design Considerations and Tailorable SIMS Interactions

We have shown that the multimode optomechanical silicon waveguide permits single-sideband
optical amplification and energy transfer through SIMS. In this section, we briefly discuss
some of the design considerations behind the SIMS-active waveguide. We begin with a
discussion of the elastic modes guided in the membrane structure and those which couple
strongly through inter-modal SBS. We then comment briefly on the wavevector and fre-
quency tunability of the SIMS process, and study a related topic, the robustness of the

device’s Brillouin response to fabrication-induced dimensional variations.

5.7.1 Guided Elastic Waves in the Membrane Waveguide and Phonon

Wavevector Tunability

Brillouin coupling is observed when and elastic mode couples to the optical force distribution
generated by the optical modes, and phase-matching is satisfied. The latter requires that
the phonon wavevector g,,(2) of the mt Brillouin-active elastic mode matches the optical
wavevector mismatch, Ak(Q) = ki(wp) — ka(wp — ), where k1 and kp are the optical
dispersion relations for the pump and signal waves, respectively. In the case of inter-modal
interactions, this optical wavevector mismatch is practically independent of €2, since the
wavevector mismatch between distinct transverse optical modes varies very little over ~GHz
frequency ranges. At the same time, since wy, can vary within the transparency window
of silicon (or at least over the range where low-loss multimode waveguiding is supported),
by changing the optical pump wavelength strong tunability of the acoustic wavevector is

supported:
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q = Ak = ki(wp) — ka(wp). (5.9)

As a result, SIMS is potentially useful for wavevector-tunable phonon generation—we harness
this capability to produce wavelength-tunable optical nonreciprocity in Section 6.

The corresponding phonon frequencies which satisfy the phase-matching condition for
optical wavelengths around 1550 nm in the SIMS-active membrane waveguide are identified
by the purple circles in in Fig. 5.11a; these points correspond to the intersection between the
simulated phonon dispersion curves and the nearly-vertical gray line indicating computed
AK() ~ 4.5-10° m~*. The primary displacement profiles of the three dominant modes B1,
B3, and B6 are plotted alongside their highlighted dispersion curves. Note that while B3
and B6 couple through transverse motion, B1 experiences its primary displacement in the
longitudinal (z) direction-this represents a rare example of efficient Brillouin coupling in
silicon through the p1s photoelastic tensor component. In material systems where p15 > p11
(the latter of which is dominant in silicon), this low-frequency mode may support very
strong inter-modal Brillouin couplings.

In addition to the Brillouin-active modes which are experimentally observed, the sili-
con membrane supports guidance of many elastic waves which do not couple appreciably
through SIMS. The complete simulated dispersion relations for this structure are plotted
in Fig. 5.11b for frequencies /27 < 10 GHz and acoustic wavevector ¢ < 10° m~!. These
elastic modes may be classified according to their primary displacement profiles. The first
type experiences compression and rarefaction in the transverse z-direction (red lines in Fig.
5.11b). The 3- and 6-GHz phonon modes which experience the strongest inter-modal Bril-
louin coupling in the silicon waveguide belong to this family. Another example mode at
around 4.3 GHz is plotted in Fig. 5.11b.i.

The second family of modes are asymmetric Lamb wave-like modes with sinusoidal
displacement in the z— and y—directions (green lines). These elastic waves are similar to
the transverse waves excited in a string or thin membrane. While several modes which
belong to this family experience Brillouin coupling, this is typically a result of these modes

being partially hybridized with the z-type modes due to the ridge structure. An example
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Figure 5.11: Elastic modes of the SIMS-active silicon membrane waveguide, (a)
Simulated dispersion curves for the observed Brillouin-active elastic modes, with the domi-
nant modes BI, B3, and B6 highlighted and with their displacement profiles plotted along-
side. The vertical line labeled Ak(fl) corresponds to the phonon wavevector determined
through optical phase matching for the Brillouin process, (b) Dispersion relations for all
elastic modes over this frequency/wavevector window. These modes are categorized accord-
ing to their dominant displacement profiles. Examples showing three different categories of
motion are plotted in subpanels (i)-(iii). Adapted from Ref. [221].
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mode around 3.5 GHz is plotted in Fig. 5.11b.ii. The third family of elastic modes are
the longitudinal (2—) compressive modes (blue lines), such as the mode B1 at around 1
GHz. Another example mode around 4.7 GHz is plotted in Fig. 5.11b.iii. Finally, three
fundamental modes with linear dispersion (grey lines) correspond to motion in the two
transverse and single longitudinal directions. The mode profiles and their dispersion curves
are computed from elastic wave simulations using the commercially-available finite element

method software COMSOL.

5.7.2 Dimensional Tunability of Brillouin Frequency

As has previously been studied in FSBS-active waveguides [196], the frequencies of the
cutoff elastic modes which mediate forward Brillouin scattering interactions depend strongly
on transverse device geometry. This contrasts with prior demonstrations of BSBS, where
the Brillouin frequency is basically a wavelength-dependent material parameter which is
influenced only weakly by geometry and mode order. Because SIMS utilizes the same types
of cutoff modes as FSBS, in principle its interaction frequency should also be tailorable
simply by changing device geometry.

To investigate the lithographic tunability of the SIMS frequenc‘y, we fabricated Brillouin-
active waveguides of various widths and measured the frequencies of the two strongest
Brillouin resonances (B3 and B6 in the notation used here) through direct Brillouin gain
measurements. The resulting Brillouin frequencies are plotted as the green circles in Fig.
5.12. By varying the total membrane width from w = 2.33 pm to w = 2.85 um, the
Brillouin frequency of the highest-gain mode is decreased from 7.06 GHz to 6.03 GHz.
These measurements are corroborated with a numerical trend (black) calculated from finite-
element simulations for these structures. The ability to control the SIMS frequency by
changing device dimension allows tailoring of the Brillouin frequency shift for applications

where a specific or lithographically-tunable operation frequency is desirable.

5.7.3 Sensitivity of SIMS to Dimensional Broadening

As discussed in Section 5.7.1, the wavevector of the phonons which mediate SIMS coupling

is set directly through optical dispersion—in other words through optical wavelength and the
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Figure 5.12: Lithographic tunability of the SIMS frequency. Measured (green) and
simulated (black line) Brillouin frequencies for the two elastic modes with the largest Bril-
louin gain as device width is varied. Adapted from Ref. [221].

optical waveguide dimensions. Since, in contrast to FSBS, these modes have an appreciable
wavevector, their dispersion bands are not flat, and their frequencies depend on the phase-
matched wavevector. This leads to an additional mechanism for dimensional broadening
(Section 3.8.4) beyond direct modification to the phonon frequency through mechanical
design (Sections 3.8.4,5.7.2); now, due to changes in the optical ridge waveguide width,
the Brillouin-active phonon may have a completely different wavevector and frequency at
different positions along the waveguide length. This effect may lead to degradation of the
effective phonon linewidth (and hence Brillouin gain) at long device lengths. Fortunately,
the studied devices have quality factors in the range Q ~ 400-500, which compare reasonably
well with existing FSBS-active devices, indicating that this effect is not particularly strong

in the studied devices.

TIXX 1-

Figure 5.13: Dimension-induced broadening for SIMS. Diagram of the different device
dimensions which may vary due to fabrication variations. The effect of each on the Brillouin
frequency shift is tabulated in Table 5.1. Adapted from Ref. [221].
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Table 5.1: Simulated Changes in Brillouin Frequency Due to Dimensional Variations for
the SIMS-active Waveguide

Dimension | Description Sensitivity to Dimension Error
w Total membrane width 1.7x10° Hz/nm
t Membrane Thickness 1.7x10° Hz/nm
T Ridge waveguide width 9.2x10° Hz/nm
h Ridge waveguide height 1.4x10° Hz/nm
Ridge offset from center <10° Hz/nm

To characterize the sensitivity of the SIMS lineshape and compare to that of FSBS-
active devices, we perform multi-physics simulations which take into account both sources
of broadening. The results of these simulations, which tabulate the change in Brillouin
resonance frequency with small changes from the desired design in various device dimen-
sions (Fig. 5.13) are presented in Table 5.1. Due to the additional dispersive broadening
mechanism, the Brillouin frequency is more sensitive to fabrication imperfections for SIMS
than for FSBS. In particular, the Brillouin response is much more sensitive to changes in

membrane thickness and etch depth, which may vary significantly along the device length.

5.8 Inter-modal Silicon Brillouin Laser

Stimulated inter-modal Brillouin amplification represents a significant step towards the
creation of silicon-based Brillouin lasers, since its intrinsic dispersive symmetry breaking
restores the single-sideband gain and stimulated phonon amplification necessary for Bril-
louin laser oscillation. This contrasts with intra-modal forward SBS, which requires some
external mechanism (e.g. a nontrivial optical cavity design) to break the symme’gry between
Stokes and anti-Stokes processes [219,233].

In this section, we briefly describe the creation of the first Brillouin laser in silicon
through SIMS [222]. Laser oscillation is achieved within a multimode racetrack resonator
where the two straight regions are SIMS-active waveguides identical in design to the mul-
timode optomechanical waveguide studied earlier in this chapter. Interestingly, we find
that due to the long temporal lifetimes of the phononic modes relative to the optical cav-

ity modes, this Brillouin laser enters a regime of phonon linewidth narrowing, similar to
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cavity-optomechanical oscillators (phonon lasers) [284-288]. Finally, we discuss some po-
tential advantages of this multimode Brillouin laser design as compared to conventional

lasers based on BSBS.

Brillouin gain region: Suspended waveguide
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Figure 5.14: SIMS silicon laser design, (a) Depicts a top-down view of the laser design
(not-to-scale). A racetrack resonator is composed of two cm-scale suspended Brillouin-active
segments. The laser cavity is accessed via a mode-selective coupler which couples a bus
waveguide strongly to the anti-symmetric spatial mode of the resonator and weakly to the
symmetric mode. This results in the characteristic transmission spectrum of the multimode
optical cavity plotted in (b), where the narrow features result from the symmetric mode
and the broad features result from the strongly-coupled anti-symmetric mode. Note that
the free spectral ranges of the two modes are not identical, making it relatively simple to
find a wavelength where the pump-Stokes cavity mode separation is equal to the Brillouin
frequency, a necessary condition for strong resonant enhancement, (¢) and (d) plot diagrams
of the device in the suspended gain region (c¢) and around the racetrack resonator bends
(d), where no acoustic guidance is supported. Adapted from Ref. [222].

5.8.1 Silicon Brillouin Laser Design

The cavity modes are accessed via a spatial coupler similar in design to the mode multiplex-
ers of Section 5.2; this coupler couples light between a bus waveguide and the symmetric
and anti-symmetric spatial modes of the cavity—strongly to the anti-symmetric mode, but
only weakly to the symmetric mode. This coupling results in the characteristic transmission
spectrum illustrated in Ref. 5.14, where two distinct sets of cavity modes with different
free spectral ranges (FSR.s) are visible. The first set, due to the weakly-coupled symmetric
mode, has a loaded quality factor O ~ 2.4 x 106 and FSR  1.614 GHz, while the second,

due to the strongly-coupled anti-symmetric mode, has a lower quality factor Q « 4 x 105
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and a smaller FSR ~ 1.570 GHz.

For Brillouin lasing to occur, cavity modes must be available at the pump and laser fre-
quencies, wp and ws, respectively, which are separated by the Brillouin resonance frequency
2B = wp — ws. Here, pump light is injected into the anti-symmetric cavity mode to produce
Brillouin gain necessary for laser oscillation in the lower-loss symmetric cavity mode. Due
to the different FSRs of the the two sets of cavity modes, this condition is satisfied for a
variety of pump wavelengths, with symmetric/anti-symmetric mode pairs which satisfy the
frequency-matching condition spaced approximately every 0.4 nm across the C band. In
this way, the inter-modal Brillouin laser design relaxes the constraint that the FSR must
be an integer divisor of the Brillouin frequency, as is required for integrated lasers based on

BSBS.

5.8.2 Observation of Laser Oscillation

To investigate the Brillouin lasing dynamics as a function of pump power, we use heterodyne
spectral analysis with the experimental diagram in Fig. 5.15a. Pump light at frequency wy, is
amplified and split into two paths—one is coupled on-chip to pump Brillouin laser oscillation,
while the other is frequency-shifted using an acousto-optic modulator to frequency wp+2m X
44 MHz to serve as a local oscillator for heterodyne detection. The output light from the
chip is combined with this reference field and is incident on a fast photoreceiver, where laser
oscillation around frequency ws — Qp is identified as a unique RF beat-note at a microwave
frequency of Qg + 2m x 44 MHz.

Brillouin lasing occurs when the round-trip Brillouin gain exceeds the symmetric-mode
optical loss within the racetrack resonator. From the characterization of SIMS amplifica-
tion in these structures in Section 5.5.4, this threshold is expected to be around 18 mW.
Experimentally, we find that when the intracavity pump power exceeds 19 mW (10.6 mW
incident on-chip pump light), a significant increase in output power at the Stokes frequency
is observed, representing the onset of Brillouin laser oscillation from thermal noise. As the
pump power is increased beyond threshold, the output power at ws increases, corresponding
to an external slope efficiency of 3%. This relatively low slope efficiency results from the

weak output coupling for the symmetric mode. A detailed model of the laser system reveals
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Figure 5.15: Observation of Brillouin laser oscillation, (a) depicts the experimental
apparatus used to measure Brillouin lasing. A continuous-wave pump laser at frequency
wp is split into two paths; the first is amplified and coupled on-chip, while the second
is frequency-shifted using an acousto-optic modulator to ap + 2ir x 44 MHz. The pump
and Stokes signal (Brillouin laser) light at frequency ax are coupled off-chip and combined
with the frequency-shifted reference tone which acts as a local oscillator for heterodyne
detection. The combined waves are incident on a fast photo-receiver and the resulting
spectrum analyzed using a RF spectrum analyzer, (b) plots theoretical and experimental
output laser power vs. incident on-chip pump power, showing a clear threshold around 11
mW. Intracavity powers are determined by using the measured cavity spectra and measured
input and output powers, (c) plots heterodyne spectra comparing the measured bandwidths
of spontaneously-scattered Stokes light from a linear waveguide and the output beat-note
between reference and silicon Brillouin laser light above threshold. Adapted from Ref. [222].
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that the intracavity Stokes power in fact rapidly approaches the magnitude of the pump
power, suggesting that the output efficiency may be improved through the use of couplers
that more strongly address the symmetric mode, with relatively little increase to the lasing

threshold.

5.8.3 Linewidth-narrowing Dynamics

We further explore the dynamics of this Brillouin laser through two separate heterodyne
measurements which probe its linewidth-narrowing characteristics below and above thresh-
old. These two experiments, diagrammed in Fig. 5.16a-b, use cither a balanced (a) or

sub-coherence delayed (b) heterodyne interferometer to study the laser coherence,
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Figure 5.16: Linewidth measurements of the silicon Brillouin laser, (a) depicts a
simplified version of the standard heterodyne spectroscopy apparatus used to measure the
pump-Stokes excess phase noise-equivalent to the phonon linewidth below the lasing
threshold. In this situation, the phonon linewidth is given by the FWHM of the measured
spectrum, (b) depicts a modified sub-coherence heterodyne measurement used to probe the
phonon dynamics above threshold. In this experiment, an additional delay 7&is added in
one arm of the unbalanced interferometer, leading to the characteristic spectral shape shown
in blue. Here the phonon linewidth is determined by measuring the contrast of interference
fringes in the sub-coherence spectrum, (c) plots experimental measurements and theoretical
calculations of the phonon linewidth as a function of peak spectral density. Below threshold,
the standard heterodyne experiment is used (red dots), while above threshold the sub-
coherence measurement technique is used (blue dots). The error bars on the blue dots
represent 95% confidence intervals of fits to measured spectra. Adapted from Ref. [222],

Below threshold, the linewidth of the spontaneously-scattered Stokes spectrum is much

greater than that of the pump laser, which has a linewidth of around 13 kHz. In this case,
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the microwave spectrum from the balanced heterodyne measurement provides an excellent
means of quantifying the Stokes linewidth, which is plotted as a function of power as the
red circles in 5.16¢. As the incident pump power approaches the laser threshold, the pump-
Stokes beat-note narrows to a resolution-bandwidth limited value of 20 kHz, indicating
significant spectral compression from its 13 MHz spontaneous bandwidth.

Above threshold, we use a sub-coherence length delayed interferometer design, which
allows measurement of the Brillouin laser coherence with respect to the pump linewidth.
Interestingly, we find that above threshold the Stokes output becomes coherent with the
incident pump laser, with an excess phase noise d1, < 800 Hz at the highest tested input
powers. This phase noise corresponds directly through the phonon linewidth in this system
since the phonon, which is heavily spatially damped, adiabatically follows the dynamics of
the pump-Stokes beat note. These results differ from those found in typical glass-based
Brillouin lasers, where the phonon linewidth narrows only to that of the pump laser field.
In such systems, the phonon field is commonly understood to acts as a “noise-eater” that
facilitates optical linewidth narrowing of the Stokes output to far below that of the incident
pump laser [289]. By contrast, these measurements demonstrate that the silicon Brillouin
laser produces a form of phonon linewidth narrowing.

These dynamics are understood as resulting from the relative lifetimes of the photonic
and phononic modes within the racetrack resonator. In traditional fiber optic [98] or glass-
based [199,200] Brillouin lasers, operation occurs in a dissipation hierarchy where the life-
time of the Stokes cavity mode ~ is much longer than that of the phonon mode I'. In this
regime of Brillouin laser operation, the Stokes linewidth narrows dramatically below the
pump linewidth, while the phonon linewidth narrows until it reaches that of the pump
laser. By contrast, the silicon Brillouin laser operates in an inverted dissipation hierarchy,
where I' < 7. In this regime, the Stokes linewidth narrows until it nears that of the pump,
whereas the phonon linewidth narrows below that of the pump laser. These dynamics are

studied through a mean field model and numerical simulations plotted as the green dots in

147



Fig. 5.16¢. Far above threshold, the excess phase noise is given to first order by [222,290]

(nfh 4 nfP 1), (5.10)

ovp =
b dmng

where nf is the coherently-driven phonon occupation number, nf)h and ntP are the average

thermal occupation numbers of the phonon and Stokes modes (at room temperature nf)h

103 and n* ~ 0) and the +1 is due to vacuum fluctuations.

The observed phonon linewidth narrowing is reminiscent of that produced by self-
oscillation in optomechanical resonators. However, in contrast to optomechanical oscil-
lators, which generally possess both acoustic and optical cavities, the silicon Brillouin laser
does not possess either an acoustic cavity or direct acoustic feedback around the ring, due
to the short phonon decay length and phonon losses around the racetrack bends. Further-
more, this macroscopic system possesses strong spatial dynamics in which the optical and
phonon intensities change considerably as they propagate around the resonator. As a result,
this laser operates in a regime where the spatial phonon decay length (= 60 um) is much
smaller than the optical decay lengths (= 10 cm), whereas the intrinsic phonon lifetime (77
ns) exceeds that of the optical fields (several ns). Therefore while the spatial dynamics are
analogous to those exhibited by all prior Brillouin lasers (due to the disparate velocities of
light and sound waves), this silicon laser accesses a distinct regime of temporal dynamics.
These dynamics can be understood as a limiting case of singly-resonant optical paramet-
ric oscillator physics, with a slow but long-lived idler wave (for further discussion see the
supplementary information to Ref. [222]). Interestingly, this analogy for parametric Bril-
louin interactions (though not the linewidth-narrowing dynamics) was understood in the
1960s [36,291,292]. It is also possible that other Brillouin lasers have operated in or near the
inverted dissipation hierarchy [293-295], including the first fiber Brillouin ring laser [293].
The observation of these dynamics was possible due to the stability of the monolithic silicon
Brillouin laser and the resolution of the heterodyne measurement technique and microwave

spectral analysis.
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5.8.4 Summary and Future Directions

The demonstration of Brillouin lasing in silicon represents a culmination of years of work
towards creating strong SBS on-chip and in silicon. The silicon Brillouin laser represents
only the second continuous-wave laser technology demonstrated in pure silicon—after the
silicon Raman laser [236]-and with further work may prove useful for a variety of chip-
based signal processing applications.

More generally, SIMS provides a flexible platform for integrated Brillouin lasers while
providing many potential benefits over traditional BSBS lasers. Importantly, this laser
based on forward-SIMS yields laser emission in the forward direction, eliminating the need
for on-chip circulators as would be necessary for practical implementation of backward-
SBS lasers in complex integrated photonic circuits. Furthermore, since pump and Stokes
waves are guided in distinct optical modes, they can be simply de-multiplexed into different
channels without the use of narrowband filtering.

The distinct FSRs of the two spatial optical modes ensure that there will always be
a pair of cavity modes at some wavelength that satisfy the frequency-matching condition
ws = wp — 1. This allows Brillouin racetrack cavities of arbitrary dimension, removing
the size constraints on integrated Brillouin laser dimensions. This technology may enable
Brillouin microcavity lasers with greatly reduced thresholds. Beyond relaxing these design
constraints, the multimode cavity design also allows unprecedented control over the laser
cascading dynamics. In typical BSBS lasers, evenly-spaced cavity modes permit cascaded
lasing to many successive Stokes orders. This behavior is often undesirable since it produces
additional bidirectional light emission, and limits the output power and linewidth narrowing
of any one spectral order [290]. By contrast, the inter-modal laser design allows precise
control over the degree to which cascading can or cannot occur. For example, by tailoring the
relative Q-factors of the two cavity modes, it is possible to precisely engineer the threshold
required for cascaded energy transfer. Alternatively, cascading can be completely suppressed
by ensuring that no cavity mode is frequency-matched to this process, as has been done in
the implementation presented here.

Due to the tailorability of SIMS, many parameters of the laser, such as the Brillouin
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frequency shift, can likewise be tailored to the desired application. In its current form, this
Brillouin laser may be used as a “passive” acousto-optic frequency shifter?, or as a source
for coherent phonon generation for sensing and signal processing applications. By increas-
ing the acoustic dissipation rate (for example by adding more frequent tether structures)
while reducing the optical losses (or through the use of a low loss delay line [296]), the stan-
dard dissipation hierarchy may also be within reach as a basis for narrow optical-linewidth

waveguide-integrated silicon laser oscillators.

5.9 Spontaneous Brillouin Cooling through SIMS

Inter-modal Brillouin scattering breaks the symmetry between Stokes and anti-Stokes pro-
cesses by requiring that they couple to distinct phonons. Because of this intrinsic symmetry
breaking, inter-modal scattering is amenable to new forms of thermodynamic control of
traveling elastic waves. In this section, we use the multimode Brillouin-active membrane
waveguide to demonstrate a new form of non-resonant (cavity-less) optomechanical cooling
within a continuous, linear system. Specifically, due to the strength of inter-modal Bril-
louin coupling, this process allows the cooling of a continuously-tunable band of phonon
wavevectors through spontaneous Brillouin scattering.

Through experimental measurements, we use this interaction to produce 30 degrees
of cooling relative to room temperature. These results contrast with prototypical cavity-
optomechanical cooling, which utilizes resonator systems to couple and cool discrete pho-
tonic and phononic cavity modes [217,297-301]. Within such systems, an optical cavity
is used to favor the anti-Stokes process over the Stokes process, yielding a net damping of
the mechanical motion within the phononic resonator. These techniques provide a potential
path toward ground-state cooling of mechanical degrees of freedom for applications including
precision measurement [299,300], generation of non-classical mechanical states [302-304],
studies of quantum decoherence of macroscopic objects [305], and quantum information
processing and storage [306] (to name a few).

Beyond single-mode cavity optomechanical systems, there has been a growing interest

2. Meaning that it would not require an external microwave drive.
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in extended optomechanical systems with many motional or optical degrees of freedom in-
cluding multimode systems [307-310], optomechanical arrays [311-315], coupled resonator-
waveguide systems [316-319], and optical cavity-less systems [320]. Such systems may offer
new techniques for applications from on-chip quantum networking [309,316-319] to intrigu-
ing reservoir engineering operations [315,321,322].

Because Brillouin interactions provide distributed optomechanical coupling, they repre-
sent a natural path to extend the regime of optomechanics to the continuum limit, where
optical fields may be used to control mechanical motion within continuous, translationally-
invariant systems [283,323|. Such extended systems permit interactions between continua
of optical and acoustic states [224,324] with unprecedented bandwidth and tailorability, and
may enable quantum optomechanical networks [317,325,326], and new forms of quantum
nonlinear optics [327] and squeezing [309]. The potential of inter-modal Brillouin coupling
to produce significant optomechanical cooling provides a first step toward quantum control

within these systems [328].

5.9.1 Operation Scheme of Spontaneous Inter-modal Brillouin Scattering

Spontaneous inter-modal Brillouin scattering experiments are carried out in the same op-
tomechanical waveguide system studied throughout this chapter. To perform spontaneous
scattering measurements, pump light at frequency wp is injected into port 1 of the in-
put mode multiplexer (labeled M1 in Fig. 5.17) and coupled into the symmetric optical
mode. As this light traverses the Brillouin-active region, it interacts with thermal phonons
through spontaneous inter-modal Brillouin scattering to produce red- (Stokes) and blue-
shifted (anti-Stokes) sidebands in the anti-symmetric mode at frequencies wy, + 2y, where
Qy is the frequency of the Brillouin-active phonons with which the pump light interacts.
These signals are demultiplexed through an output mode multiplexer (M2 in Fig. 5.17) and
coupled off-chip.

Through inter-modal Brillouin scattering, Stokes and anti-Stokes processes are medi-
ated by phonons traveling in opposite directions. As diagrammed in Fig. 5.17b, the Stokes
process is mediated by a forward-moving phonon, whereas the anti-Stokes process is medi-

ated by a backward-moving phonon. Note that the lifetime of each phonon mode can be
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Figure 5.17: Spontaneous inter-modal Brillouin scattering, (a) Schematic depicting
spontaneous Brillouin scattering on-chip. Pump light (green) at frequency wp is coupled
through a mode multiplexer (MI) into the symmetric waveguide mode. Through interac-
tions with thermal phonons (gray) as it propagates through the waveguide, light is scattered
to anti-Stokes (blue) and Stokes (red) sidebands guided in the anti-symmetric mode at fre-
quencies ojp + fib, where is the Brillouin-active phonon frequency of the device. These
waves are de-multiplexed into the two ports of an output mode multiplexer (M2), (b)
(i) Through this process, the Stokes scattering process is mediated by a forward-moving
phonon, resulting in light scattering to a red-detuned sideband at frequency ws = wp —fib'
The lifetime of these phonons can be determined by measuring the spectral bandwidth
of the scattered Stokes light, (ii) (b) The anti-Stokes scattering process is mediated by
a backward-moving phonon, resulting in light scattering to a blue-detuned sideband at
frequency Was = wp + fib- The lifetime of these backward-propagating phonons can be de-
termined by measuring the spectral bandwidth of the scattered anti-Stokes light, (c¢) and
(d) depict phase-matching and energy conservation requirements for Stokes and anti-Stokes
scattering processes, which separately determine the wavevectors gs and g” of phonons
that mediate Stokes and anti-Stokes processes. In these diagrams, these phonons produce
scattering between initial (open circle) and final (closed circle) optical states through these
processes. As plotted on the acoustic dispersion relation (e), these phonons are nearly equal
in frequency, and have wavevectors that are nearly opposite in sign, (f) Because the anti-
Stokes process annihilates thermal phonons, it increases the effective damping rate of the
phonons with which the pump light interacts, resulting in a decrease in the phonon popu-
lation (n(q)) (cooling) for a narrow wavevector band around ¢”. By contrast, the Stokes
process leads to phonon generation, resulting in effective heating of a narrow wavevector
band around gs. In this way, the incident laser field drives the thermal phonon bath out of
equilibrium, producing a net phonon flux. Adapted from Ref. [223].
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determined by measuring the spectral width of the corresponding scattered sideband, as
plotted in the right side of Fig. 5.17b. These interactions with distinct phonons can be un-
derstood by the separate phase-matching and energy conservation conditions for Stokes and
anti-Stokes processes, plotted in 5.17c-d. These conditions result in coupling to phonons
whose frequencies are nearly identical, and whose wavevectors are nearly opposite in sign.

Each anti-Stokes scattering process annihilates a phonon, resulting in an effective in-
crease to the damping rate for phonons around the anti-Stokes wavevector g.s. By contrast,
the Stokes process leads to phonon generation, resulting an increase to the phonon popu-
lation in a narrow wavevector band around ¢s. The net change to the phonon occupation
as a function of wavevector is illustrated in Fig. 5.17f, depicting modulation of the phonon
wavevector with a sinc-squared-like response set by the optical phase-matching uncertainty

bandwidth 27 /L, where L is the device length.

5.9.2 Observation of Brillouin Cooling within a Linear Waveguide

When the rate of anti-Stokes scattering is high enough, it can significantly alter the phonon
occupation from room temperature. This occurs since, through anti-Stokes scattering, ther-
mal energy is transferred from a phonon to an anti-Stokes photon, which rapidly leaves the
system before this phonon can be replenished from thermal noise. As a result, anti-Stokes
scattering reduces both the average lifetime and occupation of this phonon field, which
can be observed experimentally as both a reduction in the effective phonon lifetime (seen
as broadening of the linewidth I'ys of the spontaneously-scattered light spectrum) and a
reduction in the total scattering efficiency e,s. By contrast, the same pump field which
drives optomechanical cooling yields narrowing of the Stokes sideband linewidth I's and an
increase in the total Stokes scattering efficiency es. These two decoupled processes occur
simultaneously through spontaneous Brillouin scattering; the forward-propagating phonons
experience heating, and backward-propagating phonons are cooled within the linear mem-
brane waveguide. As a result, the forward- and back;vard—propagating phonon fluxes are
no longer equal, producing a net phonon flux (see Fig. 5.17f).

We explore these dynamics within the silicon membrane waveguide using the experi-

mental apparatus diagrammed in Fig. 5.18a. Pump light at frequency w, (with a vacuum
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Figure 5.18: Experimental observation of spontaneous Brillouin cooling, (a) Exper-
imental diagram used to observe spontaneous Brillouin scattering. Pump light at frequency
uip is amplified and split into two paths; the bottom path frequency-shifts the light using an
acousto-optic modulator (AOM) to a reference frequency ap+ 27Ccx 44 MHz to act as a local
oscillator for heterodyne detection. In the top path, the intensity of pump light is controlled
by an erbium-doped fiber amplifier (EDFA) and variable attenuator (VOA) before being
coupled on-chip. As it propagates through the Brillouin-active waveguide, light scatters to
anti-Stokes and Stokes sidebands at frequencies Was and s, respectively, which are coupled
off-chip and combined with the reference path for heterodyne detection in the microwave
domain, (b) plots measured Stokes and anti-Stokes spectra for several input pump powers.
As the pump power increases, the total scattering amplitude increases for both sidebands,
but clear asymmetries in height and linewidth are visible, (c) plots the total integrated
scattering efficiency ratio between Stokes and anti-Stokes sidebands as a function of pump
power in the waveguide. This corresponds to the ratio in phonon occupation numbers (right
side), (d) plots the measured dissipation rates as a function of average pump power, show-
ing good agreement with theory. At the highest pump powers of 40 mW, the temperature
of the anti-Stokes phonon is cooled over 30 K below room temperature (right y-axis). (e)
plots the peak spectral density of the scattered light for both sidebands as a function of
pump power. As the pump powers increase, the measured spectral densities deviate from
the values expected in the absence of symmetry-breaking between the two processes typical
to intra-modal forward-SBS (Ref. [233]). Adapted from Ref. [223].

154



wavelength around 1535 nm) is amplified and split into two paths. In the top path, the
intensity of this pump wave is controlled with an erbium-doped fiber amplifier and vari-
able optical attenuator and is coupled on-chip using an integrated grating coupler, and
into the symmetric waveguide mode using an integrated mode multiplexer. As it traverses
the device, light scatters through spontaneous inter-modal Brillouin scattering into the
anti-symmetric mode, producing frequency-detuned anti-Stokes and Stokes sidebands at
frequencies was = wp + Oy and ws = wp — Oy, respectively. These waves are de-multiplexed
and coupled off-chip, after which they are combined with a frequency-shifted local oscillator
at frequency wp + 27 x 44 MHz and incident on a fast photodiode. The scattered sidebands
are identified as unique spectral signatures around microwave frequencies of Qy + 27 x 44
MHz for the Stokes (+) and anti-Stokes (—) waves using a microwave spectrum analyzer.
This technique permits high-resolution and high-sensitivity detection of both sidebands
simultaneously.

As the pump power is turned up, an increase in the total scattered light is observed
for both Stokes and anti-Stokes sidebands, as plotted in Fig. 5.18b. At the same time,
these sidebands exhibit an asymmetry in both peak power and linewidth that grows with
increasing pump powers; while at the lowest powers these sidebands are practically identical,
at higher powers the Stokes scattering efliciency is enhanced and its spectral linewidth
narrows. Simultaneously, the anti-Stokes scattering efficiency is diminished and its spectral
linewidth broadens. These trends, indicative of cooling for the anti-Stokes phonon and
heating for the Stokes-mediating phonon, are illustrated through the integrated scattering
efficiency asymmetry es/eas (Fig. 5.18c), the dissipation rates for the two phonons I'ps and
Is (Fig. 5.18d), and the peak power spectral densities of the two sidebands (Fig. 5.18e).
The measured increase in the anti-Stokes linewidth in Fig. 5.18d corresponds to an effective

cooling of 32 K relative to room temperature.

5.9.3 Wavevector-selective Phonon Spectroscopy

Thus far, we have observed a pump power-dependent linewidth and scattering rate for spon-
taneous anti-Stokes scattering, interpreted as a decrease in phonon lifetime and population

through interactions with a strong optical pump. As discussed earlier, this cooling takes
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place over a wavevector band set through optical phase-matching. An intriguing conse-
quence of this is the ability to target different sets of phonon wavevectors simply through
tuning of the optical wavelength, which “selects” the acoustic wavevectors which can pro-
duce inter-modal Brillouin scattering.

These dynamics also permit a useful form of phononic pump-probe spectroscopy, wherein
a strong pump is used to cool a phonon band, and a weaker probe beam is then tuned
to interrogate the phonon occupation as a function of wavevector. We demonstrate this
experimentally by introducing a pump laser fixed at a frequency of wl(,z) to produce strong
cooling at a fixed wavevector band, and by using a tunable probe laser as a weak phonon
probe at a tunable frequency wg,l). This configuration is diagrammed in Fig. 5.19a. Both
lasers interact with phonons through inter-modal Brillouin scattering to produce scattered
Stokes and anti-Stokes sidebands. However, through heterodyne detection with a frequency-
shifted local oscillator (produced by passing probe light through an acousto-optic modulator
in Fig. 5.19a) the scattered sidebands from the probe laser appear as tones with unique
microwave frequencies.

When the probe wavelength is far away from the pump wavelength, no asymmetry is
observed between Stokes and anti-Stokes sidebands scattered from the probe laser light, even
as the pump power is increased to ~40 mW levels. However, when the probe wavelength
is very close to that of the pump, pump-power dependent asymmetries in the Stokes and
anti-Stokes linewidths and scattering rates are observed. These results are summarized
in the right side of 5.19b. To study these contrasting effects, we systematically vary the
probe frequency wl(gl), and hence the wavevector of interrogated phonons. The interpolated
Stokes/anti-Stokes phonon dissipation rate difference and the corresponding anti-Stokes
phonon occupation is plotted as a function of phonon wavevector and probe wavelength in
5.19b, showing that the presence of the strong pump wave produces a cold phonon window
in wavevector-space. This contrasts with the cold frequency windows typically produced in
optomechanical resonators.

This phononic spectroscopy technique reveals the wavevector-selective dynamics of Bril-

louin cooling within the continuous optomechanical waveguide. These results demonstrate

how the waveguide system allows access to a continuum of phonon modes which can be
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Figure 5.19: Wavevector-selective phonon spectroscopy, (a) diagrams the pump-
probe experimental diagram. A strong pump laser (frequency \7\{)2)5 and weak probe laser
(frequency Wpl") are both incident within the optomechanical silicon waveguide. Both pump
and probe lasers scatter light through spontaneous inter-modal Brillouin scattering. The
pump laser cools a band of phonon wavevectors, while the tunable probe laser has only a
small effect on the thermodynamic properties of the system and is used to probe the phonon
population as a function of phonon wavevector. The scattered sidebands from the probe
laser are analyzed through heterodyne detection referenced by frequency-shifted probe light
at frequency Ujf’ + 2n x 44 MHz. The left panel of (b) shows the measured dissipation rate
difference between Stokes and anti-Stokes processes as a function of phonon wavevector,
which is selected by the probe wavelength. Each data point represents this dissipation rate
asymmetry normalized to a pump power of 30 mW, as determined by measurements of the
dissipation rate over a series of ten different pump powers. The theoretical trend from Eq.
5.12 (solid line) shows good agreement with the measured data. Sub-panels (i)-(ii) on the
right show sample spectra corresponding to situations where the pump and probe waves
are phase-matched to scattering from the same phonon (i) and different phonon bands (ii).
Adapted from Ref. [223].
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selectively controlled and cooled.

5.9.4 Cooling Dynamics

The spatiotemporal dynamics of Brillouin cooling are studied in detail in Ref. [223]. As-
suming that the dissipation rate for the acoustic field I' is much less than that for the
optical field v, separation of time scales allows the temporal dynamics of the anti-Stokes
light to approximately follow those of the thermally-driven phonon field with which it in-
teracts. Within the continuous waveguide of length L, pump light interacts with phonons
with a wavevector ¢ around Akas = kas — kp, where ky and kas are the (optical frequency-
dependent) wavevectors of the pump light and the anti-Stokes light to which it scatters.
The occupation of the thermal phonon field around this wavevector (n(Akas)) relative to

its equilibrium value (ny,(Akas)) is approximated by

(n(Akas)) | Gl

(nin(Akas)) i (5.11)

where Gp is the Brillouin gain coefficient and P, is the pump power. This approximation is
valid when Giffﬁ <« 1, which is well-satisfied in these experiments. Similarly, the effective
phonon dissipation rate is I'ys et & I'(1 +GBPpL/4). These results are plotted in Fig. 5.19c-
d, showing good agreement with the measured data.

The corresponding expression for the pump-probe experiment, given the same condition

that the modification on the phonon field is relatively small to first order, is

<n(Ak§§>)> N _GBP1§2)LSi . (Akg)~Ak£§))L} (512)
(nn(akL)) 4 2 | |

where the superscripts () and @) index quantities relating to the probe and pump waves,
respectively. This relation is plotted in Fig 5.19b with no fit parameters, showing excellent
agreement with the measured data.

This analysis shows that the optical fields couple to a phase-matched wavevector band
with a narrow bandwidth (FWHM) determined by the length of the system dg = Akg) —

Akg) = 2.78/ L. These results, corroborated by experimental measurements, show that the

158



cooling bandwidth is set through optical phase matching as opposed to acoustic propagation
(the phonons themselves have a very short propagation length < 100 pm).

According to these dynamics, the degree of cooling of these relatively localized traveling-
wave phonons counter-intuitively depends directly on the device length. Note however that
as the device length increases, this cooling occurs over a narrower bandwidth. One way of
thinking of this phenomenon is that cooling is optically-driven at a perfectly well-defined
point in wavevector space. However, due to the finite device length, this delta-function
cooling window is under-sampled, resulting in the observed sinc-squared-like response. As
device length increases, the infinitesimal cooling window is better resolved, resulting in
stronger observed cooling over a narrower bandwidth.

Moreover, cooling depends critically on separation of time scales (y > I'). If this con-
dition is not satisfied, then energy transferred from thermal phonons to the optical field
can return to the acoustic field before it leaves the system, preventing appreciable phonon
cooling. This sets a length limit on the system since the optical dissipation rate, which
is set by the optical transit time through the device, cannot be smaller than the acoustic
dissipation rate. As a result, appreciable cooling requires that L < vg/I", which is of the
order of meters, and that GgP,L be reasonably large. This condition may explain why
Brillouin cooling has not previously been observed in fiber optic waveguides, which have
comparatively small Brillouin coupling strengths for short fiber lengths.

The realization of controllable optomechanical cooling within a continuous waveguide
provides an important step towards flexible continuum optomechanical operations not pos-
sible in zero-dimensional cavity-optomechanical systems. In particular, such continuous
systems have arbitrarily large optical and acoustic bandwidths, potentially enabling greater
degrees of flexibility for traveling-wave quantum optical and optomechanical operations.
Further work may enable ground-state optomechanical cooling of continuously-tunable
wavevectors, control of noise in practical continuum optomechanical systems, flexible forms

of reservoir engineering [329], and non-classical operations within continuous waveguides.
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5.10 Conclusions and Outlook

In this chapter, we adapted recently-demonstrated strong forward Brillouin couplings in
silicon membrane waveguides to inter-modal interactions. Efficient SIMS produces single-
sideband coupling, permitting single-sideband optical gain necessary for robust Brillouin
laser designs. More generally, mode multiplexing within multimode nonlinear optics allows
for flexible access to pump and signal waves, an important boon for integration within com-
plex integrated photonic circuits. The forward-scattering dynamics of this process eliminate
the need for circulators or isolators as are required for BSBS-based signal processing. The
SIMS-active waveguide was used to produce net optical amplification and > 50% optical
energy transfer between two strong fields with dynamics very different from the cascaded
energy transfer of FSBS.

This same waveguide was used to demonstrate Brillouin cooling within a continuous
waveguide. This scientific advance was made possible due to the large Brillouin coupling
of the silicon membrane waveguide and the intrinsic dispersive symmetry breaking of inter-
modal Brillouin scattering. The continuously-tunable optical phase-matching condition
of SIMS also enabled a unique form of phonon spectroscopy which allows the probing of
phonon population and lifetime as a function of wavevector. This work provides an entry-
point toward nonlocal continuum optomechanical engineering for classical and quantum
control of extended, traveling-wave phonons and photons.

This flexible form of Brillouin coubling was also used to create the first Brillouin laser in
silicon, a potentially significant advance toward the creation of versatile and customizable
silicon-photonic light sources. The robustness of the silicon membrane waveguide and stabil-
ity of this monolithically-fabricated system allowed the probing of the linewidth-narrowing
dynamics of this laser, revealing a new phonon line-narrowing regime which is general to
Brillouin lasers that do not exploit ultrahigh-@Q optical resonators. The use of a multimode
racetrack resonator with inter-modal amplification allows remarkable flexibility in terms of
resonator dimensions, resonance frequency-matching, and laser cascading behavior.

Beyond these advances, SIMS may have numerous applications for classical and quantum

signal processing. For example, the emit-receive operations discussed in Chapter 4 may be
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extended to inter-modal interactions to offer unprecedented tunability for RF-photonic and
optical filtering and spectral analysis, as well as additional degrees of control enabled by
on-chip inter-modal couplings.

In Chapter 6, we will demonstrate such a structure, but use it for a quite different
application; by utilizing SIMS to drive wavevector-tunable traveling acoustic phonons, the
intrinsic nonreciprocity of inter-modal Brillouin scattering is harnessed to create wideband,
wavelength tunable nonreciprocal light scattering, with bandwidths orders of magnitude
greater than prior optomechanical approaches to nonreciprocity. These results represent
the first experimental demonstration of processes proposed years earlier [239,258], and are
a step toward the creation of broadband, non-magnetic integrated isolators and circulators.

These example applications are certainly only a small subset of what is possible with
on-chip inter-modal Brillouin couplings. It will therefore be exciting to see what techniques

are enabled by these processes with future progress.

161



Chapter 6

Nonreciprocal, Nonlocal

Inter-band Brillouin Modulation

6.1 Introduction

Thus far, we have explored light-sound interactions as a tool to permit new degrees of con-
trol over optical waves within integrated photonic circuits. In such integrated-waveguide
systems, an important area of current research is the creation of microscale devices that
produce nonreciprocal light propagation. Through a variety of approaches and experimen-
tal systems, this field seeks to address the lack of mature technologies for chip-based optical
isolators and circulators. In this chapter, we build on the results of Chapters 4-5 to demon-
strate a new optomechanical device design that produces broadband nonreciprocal light
propagation in a silicon photonic waveguide.

A variety of different approaches have been explored to create waveguide-integrated
nonreciprocal devices. Traditionally, benchtop optical isolators and circulators are based on
magneto-optic effects that produce a nonreciprocal polarization shift in the presence of mag-
netic field. Despite great efforts to adapt these technologies to integrated systems [330-334],
it is difficult to implement these same techniques in microscale waveguides because materials
which possess a strong magneto-optic response are intrinsically lossy and not complemen-

tary metal-oxide-semiconductor (CMOS)-compatible [330-335]. Another approach which
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has gained a significant attention is based on the strong nonlinear effect of nanophotonic
waveguides [336-339]. While it is possible to make devices that produce nonreciprocal
transmission of a strong optical wave, it has been shown that any such device is reciprocal
with regard to additional optical waves (e.g. optical backscatter) [339]. Thus, nonrecipro-
cal devices based on Kerr-type nonlinearities cannot simultaneously transmit light in the
forward direction and reject it in the backward direction, limiting practical applications.
Systems designs based on optical phase modulation may demonstrate nonreciprocity for
narrowband signals through the use of coherent effects, though these techniques typically
shift light to nearby frequencies and require careful electro-optic design [340-342].

Common to any technique that produces nonreciprocal light propagation is some mech-
anism to break the symmetry between forward- and backward-propagating waves. In the
case of magneto-optic isolators, this is the presence of an external magnetic field. For phase-
modulator isolators, this effect results from phase-coherent electro-optic modulation of an
optical signal at two time-delayed points. Regardless of the symmetry-breaking mechanism,
any such process should ideally create linear nonreciprocity in a device that has low optical
insertion loss, operates over a wide optical bandwidth, and provides a strong nonreciprocal
response.

Optomechanical interactions provide a natural path to create nonreciprocal devices since
mechanical degrees of freedom may act as an intrinsic symmetry-breaking mechanism [343].
For example, the SIMS-active waveguide of Chapter 5 produces unidirectional amplification
or attenuation in the presence of a strong pump wave, since the elastic wave mediates
gain or loss of a second optical probe only when it is co-propagating with the pump. As
such, the Brillouin loss data in Fig. 5.8 can be seen as an optical isolator with 3 dB of
rejection. Using this same approach in a 15-meter-long photonic crystal fiber, Ref. [188]
demonstrated 20 dB of optical isolation. In contrast to fiber-based experiments, microscale
cavity-optomechanical resonators permit enhancement of light-sound coupling to produce
efficient optical nonreciprocity with low optical loss [207-211,344-346]. However, a common
limitation of these approaches is that their operating bandwidth is limited to just kHz-MHz
by the lifetimes of resonant acoustic or optical modes.

Alternately, traveling-wave interactions can be used to create broadband nonreciprocal

163



light scattering in the presence of an external time-harmonic perturbation of the material
dielectric tensor [239,258,344,347-350]. This approach is based on spatiotemporal optical
modulation that drives a transition between distinct dispersion bands with a non-reciprocal
phase-matching condition. Nonreciprocal modulation of this type can be achieved using di-
rect electro- or acousto-optic driving, allowing external control and dynamic reconfigurabil-
ity. Electro-optic demonstrations of traveling-wave nonreciprocal modulation have demon-
strated nanometer-operating bandwidths, but absorption resulting from the co-location of
electrical and electro-optic components with optical waveguides produce excessive loss that
has hindered performance [348].

The essential challenge to achieving nonreciprocal inter-band modulation is that a ro-
bust nonreciprocal response requires long interaction lengths (related to the wavevector
uncertainty of propagating modes), as well as a refractive index modulation with the cor-
rect spatial character to permit the inter-band transition. A recent paper by Sohn et
al. [351] demonstrated an alternate to the difficulties of the electro-optic approach by using
acousto-optic modulation of a multimode optical ring resonator. While the active modu-
lation region was only ~200 pm in length, the use of a ring resonator permitted effective
propagation lengths sufficient to achieve reasonable nonreciprocity between forward- and
backward-propagating light waves. However, the operation bandwidth was limited to the
GHz-wide bandwidths of the resonator modes. Nonetheless, this work demonstrated that
elastic waves provide a method to induce robust nonreciprocal behavior in nanophotonic
waveguides. Furthermore, because the acoustic emitter is spatially separated from the op-
tical waveguide, acousto-optic modulation does not induce excess propagation loss.

In this section, we demonstrate an alternate method to induce robust traveling-wave non-
reciprocal modulation based on a non-local inter-band Brillouin scattering (NIBS) process.
This technique utilizes a dual-core multimode optomechanical waveguide, where optically-
driven elastic waves created in one optical waveguide produce spatiotemporal acousto-optic
modulation of light guided in the second waveguide over centimeter length scales. This
distributed process permits nonreciprocal single-sideband modulation and mode conversion
over nanometer (>125 GHz) bandwidths, with up to 38 dB of contrast between forward-

and backward-propagating light waves.
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Through the traveling-wave NIBS interaction, the operation bandwidth is set only
through optical dispersion, and is not limited by the lifetimes of resonant optical or elastic
modes as in nonreciprocal cavity-optomechanical structures, enabling a full-width at half-
maximum (FWHM) modulation bandwidth four orders of magnitude greater than that of
the device’s intrinsic acoustic response. Furthermore, the wavevector of the driven elastic
wave can be directly tuned through changing the wavelength of a pump laser, allowing
direct translation of the device’s modulation response across a 35-nm wavelength band.
The NIBS modulator is designed and fabricated from low-loss silicon ridge waveguides to
permit excess insertion losses <1 dB, demonstrating a promising step toward the creation

of low-loss and broadband waveguide-integrated circulators and isolators.

6.2 NIBS Modulator Device Concept

The device design and basic concept of operation of the NIBS modulator is shown in Fig.
6.1. A 2.39-cm-long optomechanical waveguide (Fig. 6.1a) is fabricated from a single-
crystal silicon layer, and consists of two multimode optical ridge waveguides atop a silicon
membrane, with cross-sectional dimensions shown in Fig. 6.1b. The two optical waveguide
cores are designed to be different in width by an asymmetry § to prevent optical crosstalk
due to evanescent coupling. Each optical waveguide supports fundamental (symmetric) and
higher-order (anti-symmetric) optical modes around A = 1550 nm, with field profiles plotted
in Fig. 6.lc. Elastic waves are confined throughout the membrane structure, permitting
light-sound couplings to optical fields within both waveguide cores. One such acoustic
phonon mode which mediates strong inter-modal Brillouin scattering around a frequency of
Qp = 5.7 GHz, is shown in Fig. 6.1g.

The basic operation of the NIBS process is depicted in Fig. 6.1h-i. Two strong optical
waves at pump frequency wl()l) and Stokes frequency ws(l) are launched into the first ‘drive’

waveguide. These waves drive a coherent elastic wave at their difference frequency Q0 =
n_, M (2)

wp ' —ws * via electrostrictive forces. Probe light at frequency wp ™’ is injected into the second
‘modulator’ waveguide, where it is mode-converted and frequency-shifted to %(2) = w;(,2) -0

by the incident elastic wave through acousto-optic scattering. This process is a form of non-
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Figure 6.1: Optomechanical silicon inter-band modulator, (a) plots an artistic rep-
resentation of the dual-core suspended waveguide, with the cross sectional dimensions dia-
grammed in (b) The two optical waveguide cores are designed to be different in width by
6 to inhibit optical crosstalk. Each waveguide guides fundamental (symmetric) and higher-
order (anti-symmetric) optical spatial modes, with Ex field distributions plotted in (c-f).
The entire membrane structure confines elastic waves due to the impedance mismatch be-
tween silicon and air. The "-displacement held of one such mode that mediates inter-band
Brillouin coupling around a frequency of ~5.7 GHz is plotted in (g). (h) diagrams the basic
operation of the NIBS process. Two optical waves at frequencies Wpl" and g guided in
separate optical modes of the first ‘drive’ waveguide coherently excite an acoustic phonon at
their difference frequency fi through optical forces. Light injected into a second ‘modulator’
waveguide at frequency Wf)z) is frequency-shifted to cjéz) = u>b2) —Q and mode-converted by
this elastic wave through photoelastic coupling. The energy level diagram for this process
is shown in (i). (j-k) depict the propagation of light within the modulator waveguide. In
the forward direction, light is mode-converted and frequency-shifted through NIBS. In the
backward direction, light passes through the device unaffected. Adapted from Ref. [224].

166



local coherent, Stokes Brillouin scattering (CSBS), with the energy level diagram plotted in
Fig. 6.1i. (This can be understood in direct analogy to coherent Stokes Raman scattering.
Similarly, a coherent anti-Stokes Brillouin scattering process can be created in analogy to
coherent anti-Stokes Raman scattering, as we will demonstrate later in Section 6.4.1.) Note
that we use the superscripts () and @ to denote fields within the drive and modulator
waveguide, respectively.

The nonreciprocal operation of the NIBS modulator is diagrammed in Fig. 6.1j-k.
When probe light is launched in the forward direction within the modulator waveguide, it
experiences acousto-optic mode conversion and frequency-shifting. However, when probe
light is launched in the backward direction within the same waveguide (Fig. 6.1k), it

propagates through the device unaffected by the elastic wave.

6.3 Light-Sound Phase-matching and Modulator Operation

Scheme

The non-reciprocal behavior of the NIBS process originates from the distinct phase-matching
requirements for inter-band light scattering in the forward and backward directions. The
specific behavior is directly determined by the dispersion of the participating optical waves
[188,221,239,347]. In this section, we theoretically investigate this process and derive the
relationship between device parameters, operation bandwidth, and nonreciprocity.

To separately address the symmetric and anti-symmetric optical modes of each optical
waveguide, we use integrated mode multiplexers of the design studied in Section 5.2. These
mode multiplexers are represented by the diagrams in Fig. 6.2a; light injected into port pl
of a mode multiplexer is coupled into the symmetric mode, while light injected into port p2
is coupled into the anti-symmetric mode. Similarly, these mode multiplexers de-multiplex
the two modes into their respective ports. We label the four mode multiplexers used to
(de)multiplex the waves in the drive and modulator waveguides with the indices M1-M4 in
Fig. 6.2c,e,g.

The acoustic phonon which mediates inter-band coupling is optically-driven as depicted

in Fig. 6.2c. Light at pump frequency wl()l) is coupled into the symmetric mode of the drive
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Figure 6.2: Phase-matching and operation scheme of the NIBS modulator, (a)
shows the operation of two-port mode multiplexers which couple to the symmetric and
anti-symmetric optical waveguide modes, (b) plots the dispersion relation of the NIBS-
active acoustic phonon. (c) Two strong optical waves in the drive waveguide generate an
acoustic phonon through SIMS, (d) plots phase-matching and energy conservation for this
process, where the phonon (green) couples light between initial (open circle) and final (filled
circle) states, (e-f) depict the propagation of light in the modulator waveguide. In forward
operation, light injected into port pi of M3 (shorthand M3pl) experiences acousto-optic
modulation and mode conversion, exiting through port p2 of M4 (M4p2). Light injected
in the backward direction through M4p2 passes through the device unaffected and exits
through M3p2. (g) shows the phase-matching diagrams for forward (right) and backward
propagation (left). In the forward direction, the phonon is phase-matched to an inter-
band photonic transition. However, in the backward direction a nonreciprocal wavevector
mismatch Agm prohibits inter-band coupling, (h) depicts the effects of optical dispersion.
In the forward direction, detuning the probe frequency from its phase-matched value cjf
results in a wavevector walkoff A“pm due to the differing group velocities of the optical
modes, leading to a finite operation bandwidth. However, this effect may also cancel Agm
to produce phase-matched NIBS in the backward direction at uv The resulting transmission
spectra are plotted in (i). Adapted from Ref. [224].
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waveguide through port pl of M1, and a second optical wave at Stokes frequency wél) is

injected into the anti-symmetric mode through port p2 of M1. Within the drive waveguide,

these fields couple through stimulated inter-modal Brillouin scattering (SIMS) to produce

optical energy transfer and coherent emission of an acoustic phonon corresponding to a point

on the elastic-wave dispersion diagram plotted in Fig. 6.2b. In this drive configuration,

these waves excite a forward-moving phonon with frequency and wavevector (2, ¢(2)). The
(1) 1

phonon frequency is set through the energy conservation condition 2 = wp’ — ws™’, while

wavevector conservation (phase-matching) for SIMS requires that

() = kP () — kP (® - ), (6.1)
where ksrl) and k(_l) are the dispersion relations for the symmetric and anti-symmetric optical

modes in the drive waveguide. These optical dispersion relations are plotted in Fig. 6.2d,g,h
as gray (symmetric) and black (anti-symmetric) lines. The energy conservation and phase-
matching conditions for SIMS can be represented diagrammatically by Fig. 6.2d, where the
acoustic phonon (green arrow) scatters light between initial (open circle) and final (closed
circle) optical states.

This optically-driven acoustic phonon may then mediate linear inter-band scattering
through NIBS, as diagrammed in Fig. 6.2e-g. In the forward direction, light at probe

frequency wl(,z) is injected into port pl of M3, and is mode-converted and frequency-shifted

to ws(2) = wl()2) — 2 through acousto-optic modulation. This light is then exits the device
through port p2 of M4, while any residual un-modulated light in the symmetric mode is de-
multiplexed through port pl of M4. An inter-band photonic transition within the modulator

waveguide must satisfy the phase-matching condition
9(@) = kP (@) - kD - o) (6.2)

as plotted in the right side of Fig. 6.2g. Here kf)(w) and k® (w) are the (positive-valued)
wavenumbers of the symmetric and anti-symmetric optical modes in the modulator waveg-

uide.
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6.3.1 Relationship between Drive and Modulation Wavelengths

Note that the optical frequencies within the modulator waveguide need not be the same
as the frequency as the drive waves, provided that the scattering process couples through
the same phonon. Within the device diagrammed in Fig. 6.1, there is a designed width
asymmetry 6 between the two waveguides. As a result, the acoustic phonon driven by
optical waves around free-space wavelength Aq permits NIBS interactions with light in
the modulator waveguide at a different wavelength Ay. We can calculate the relationship
between these two wavelengths by requiring that the two processes couple to phonons with

the same wavevector, i.e. equating Eqgs. 6.1-6.2:

2 2m
o (n; ) (Aa) = nl) (,\d)> = (72 Om) =2 (/\m)> . (6.3)

(1)

In this equation, ny % and ng

(2 ) are the optical phase indices for the symmetric modes of the

1) (2)

D p,— are the phase indices for

drive and modulator waveguides, respectively, and n, . and n
the anti-symmetric modes. For the sake of simplicity, we have neglected a correction in the
phase indices of the anti-symmetric modes resulting from the modulation frequency shift.

The resulting relationship between drive and modulation wavelengths can be expressed as:

A _ 7k Om) = ()
M D (g) =l ()

(6.4)

Equation 6.4 shows that, with proper optical mode engineering, drive and modulation pro-
cesses can operate within disparate wavelength bands. As an example a dual-core NIBS
modulator with drive waveguide core width w = 1.5 pm ( 1(31)_ =0.112 at A = 1550
)

nm) and modulator core width w = 2.18 pm (”1(32,1- 1(3 = 0.112 at A = 2100 nm), can
be used to produce modulation of optical waves >500 nm away from the drive wavelength,

provided that the strength of the acousto-optic coupling is maintained for both waveguides.

6.3.2 Origin of Nonreciprocal Response

The traveling elastic wave produces direction-dependent light propagation when there are

different phase-matching conditions for inter-band scattering in the forward and backward
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directions. This behavior, diagrammed in Fig. 6.2g, results from the finite group velocities
of the optical modes. While the condition for NIBS modulation in the forward direction is

given by Eq. 6.2, in the backward direction phase-matching dictates that:
—q(Q) + Agnr = —kP (W — Q) + kD (D). (6.5)

An additional term gy, results in a phase mismatch accumulation Agy, L for the scattering
process in the backward direction within a device of length L. Comparing Egs. 6.2 and 6.5,
we find

Ague = KD (@) ~ P W) - @) + kD) — K

) _ Q). (6.6)

Assuming linear dispersion in the vicinity of the operation wavelength, we can approximate

this expression as

N L
Agnr = Q_Bw (wp ) + Q—é)w (wp ) = Q. (6.7)

(2)

Here Mg + and n(2)

o are the optical group velocities of the two modes around wl(,2). When

AgqnrL > 1, a phonon that produces phase-matched inter-band coupling for light in one
propagation direction does not produce scattering in the reverse direction. This represents

a necessary condition for nonreciprocal operation.

6.3.3 Modulator Operation Bandwidth

The NIBS process is perfectly phase-matched at an optical frequency w,()2) = wy where Eq.

2
P

6.2 is satisfied. However, as the probe wavelength wp ~ is changed from this frequency, the

differing slopes of the optical dispersion curves results in an optical wavevector mismatch

Agpm given by

Agpm = EP (W) - kP (@ — ) — g() =

(K2 @2) - kP wn) - (K2R - ) - k2w - 0) (68)
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Assuming linear dispersion (i.e. constant optical group velocities) over the phase-matching
bandwidth, a reasonable approximation for typical integrated systems, we can expand Eq.

6.8 to first order about wl(,Q) :

@ _,O

a1 (2) a2
Ok ok¢ n )
Agpm = —= (w@) - wf) - (wl(f) —wf) - Bt A, (6.9)

where Aw = (wg) — wf) is the frequency detuning of the experimental probe frequency from
the modulation center frequency wy. This expression results in a finite operating bandwidth
over which the inter-band modulation process occurs, with a full-width at half-maximum

given by
A 4-1.39c 1
WEWHM = 77T ) @) [
ng’+ ng)_

(6.10)

Equation 6.10 shows that the operation wavelength range of the NIBS modulator is set by
the difference in group velocities of the participating optical modes. Therefore, with optical

dispersion engineering, this bandwidth can potentially be extremely wide (10-100s of nm).

6.3.4 Forward/Backward Operation and Essential Condition for Robust

Nonreciprocity

In the previous sections, we have shown how a nonreciprocal wavevector mismatch Agnr
leads to unidirectional light scattering, and how a wavevector walkoff Agpm leads to a fi-
nite operating bandwidth of the modulation process. Interestingly, these two wavevector
mismatch terms may exactly cancel, leading to phase-matched NIBS in the backward di-
rection at a frequency wl(f) = wp. This situation is illustrated in Fig. 6.2h. The resulting
two-way transmission spectrum is sketched in Fig. 6.2i. Each direction experiences a sinc-
squared-like response o< sinc? (AgpmL/2), with center wavelengths determined through the
phase-matching conditions. We can calculate the frequency difference between wy and wy
by setting Agnr = Agpm :

2@ _ @ @) |,

Z n Z
g+ . g (CUf _ wb) — g+ . g, Q’ (611)
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which simplifies to

ORI
+ng
W — wp = ﬁn (6.12)
gv+ g -

As stated above, significant nonreciprocity occurs when the peak modulation response in
one direction corresponds to no modulation response in the reverse direction. Under ideal
circumstances, this means that the separation A\ between forward and backward transmis-
sion in Fig. 6.2i (related to Eq. 6.12) is much larger than the half-width at half-maximum
(HWHM) operating bandwidth of the modulator AXpwum/2, i.e. wf— wp > Awpwam/2.
From Eqs. 6.10 and 6.12, we find that

@) , 0
2.139 1 &, +nl)
I 0 0] Lo _.0 }Q’ (6.13)
ga+ g» g+ 8=

which leads to the fundamental length constraint for nonreciprocal operation

2.78¢

)

(6.14)

For the silicon NIBS modulator devices with 2 = 5.7 GHz, and group indices ng_)‘, = 4.0595
and n( ) = 4.1853 [222], this length is 2.8 mm. Therefore the fabricated devices with
designed L = 23.9 mm are expected to produce a strong nonreciprocal response. From Eq.
6.10, the expected bandwidth of these devices is Awpwum = 27 X 88 GHz, and from Eq.
6.12 the expected forward-backward splitting is Aw =~ 27 x 374 GHz.

In the next section, we experimentally characterize the response of the silicon NIBS
modulator. Thereafter, we will develop models that describe the dynamics of NIBS coupling

and the nonreciprocal input/output behavior of this eight-port device.

6.4 Experimental Characterization of the NIBS Modulator

We experimentally characterize the behavior of the silicon NIBS modulator diagrammed in

Fig. 6.1 using the apparatus diagrammed in Fig. 6.3a. In the top path, the two strong

M ORENC)

drive waves at frequencies wp® and ws — ) are synthesized from the same laser
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split into two branches. The tone at ws(l) is created using a null-biased intensity modulator

(IM) and fiber Bragg grating filter (FBG), and its detuning © controlled via a microwave
frequency synthesizer. Both waves are amplified through erbium doped fiber amplifiers
(EDFAS) before being coupled on-chip and into the drive waveguide using grating couplers
and integrated mode multiplexers. The total on-chip power in the drive waveguide is set to
around 90 mW.

Light from a separate probe laser at frequency ws(l) is then injected into the modu-
lator waveguide in either the forward or backward direction. In forward operation for a
Stokes NIBS process, light is coupled into the symmetric mode through port pl of M3, and
frequency-shifted light is collected from port p2 of M4. In the backward direction, light
is injected into the anti-symmetric mode through port p2 of M4, and the output signal
is measured at port pl of M3. In either direction, the output light is combined with a
frequency-shifted local oscillator at frequency ws(l) + A produced using an acousto-optic
modulator (AOM) driven by a microwave source. The combined signal is incident on a
photodiode (PD) and detected in the microwave domain using a radiofrequency spectrum
analyzer (RFSA). Using this heterodyne configuration, Stokes-shifted probe light at wl(f) -0
appears as a unique microwave beat-note at 2 + A, while anti-Stokes light at wl(f) + Q cor-
responds to a microwave tone at 2 — A.

The response of one device is plotted as a function of modulation frequency € in Fig.
6.3b, revealing a narrowband resonant response around a frequency of @ = Qg = 27 x 5.7
GHz, corresponding to the acoustic phonon mode plotted in Fig. 6.1g. The FWHM band-
width of I'/2m = 17 MHz corresponds to the acoustic decay rate, and sets the theoretical
on/off switching time for the modulator to 7 = 2/T" ~ 19 nm [188].

We now fix the modulation frequency to @ = g and investigate the dependence of the
inter-band modulation efficiency as a function of probe wavelength )\éz) = 27rc/wl(,2). The
resulting two-way transmission spectrum is plotted for one device in Fig. 6.3c, showing the
characteristic nonreciprocal response diagrammed earlier in Fig. 6.2i. A FWHM modulation
bandwidth of around 1 nm (125 GHz) is observed for both forward and backward propaga-

tion at wavelengths of 1545.3 nm and 1548.5 nm, respectively, with a peak on-chip modu-

lation efficiency relative to the input probe power of n? = P(M3pl)/P(M4p2) ~ 1% (—20
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Figure 6.3: Experimental demonstration of nonreciprocal modulation, (a) Exper-
imental setup: two optical drive waves separated by the modulation frequency fI are syn-
thesized from the same laser using an intensity modulator, and are amplified and injected
into distinct modes of the drive waveguide through separate ports of mode multiplexer M1.
Probe light from a separate laser is split into two paths; in the first path, light is injected
into the modulator waveguide in either propagation direction (forward propagation shown
here) and mode-converted light is collected at the output. This light is combined with a
frequency-shifted local oscillator and incident on a photodiode for heterodyne spectral anal-
ysis. (b) Measured modulation efficiency as a function of (2 for one device, revealing strong
NIBS coupling through an elastic wave around a frequency = 5.7 GHz. Hereafter,
O is fixed to ffe- (c) plots the Stokes modulation efficiency for forward- and backward-
propagating probe light as a function of probe wavelength, demonstrating nonreciprocal
transmission, (d) Zoomed-in plots for three different devices showing broadband modu-
lation and significant nonreciprocal contrast. The three panels correspond to waveguide
width asymmetries of S= 5,10,15 nm, changing the center modulation wavelength relative
to the pump wavelength, (e) Spectrum of scattered light, showing single-sideband modu-
lation. The residual anti-Stokes-shifted light at is due to a small amount of crosstalk
during mode multiplexing, (f) Optical tuning of the nonreciprocal modulation response.
The drive wavelength is tuned from 1530 nm to 1565 nm, permitting a corresponding shift
in the probe response. Adapted from Ref. [224].
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dB). The maximum nonreciprocal contrast between forward- and backward-propagating op-
tical waves is achieved around A\, = 1548.5 nm, where efficient NIBS modulation is observed
only for backward-traveling light. At this wavelength, the spectral content of the output
light is plotted in Fig. 6.3e. These data show that light is single-sideband frequency-shifted
by —Q, with 37 dB suppression of spurious tones. The residual anti-Stokes scattered light
at +8 results from a small amount of light being coupled into the incorrect spatial mode
in M4.

Zoomed-in data for three different devices are depicted in Fig. 6.3d.i-iii, showing up to
38 dB of nonreciprocal contrast in Fig. 6.3d.i, and more than 19 dB of contrast over the
entire FWHM bandwidth of 1.18 nm (150 GHz) in the device of Fig. 6.3d.iii. Note that as
the waveguide width asymmetry ¢ is increased between these devices, the center modulation
frequency M\p is decreased to satisfy phvase-matching (Eq. 6.4).

In addition to geometric wavelength tuning, the modulation response may be directly
tuned by changing the wavelength of the optical drive waves, and hence the driven phonon
wavevector (Eq. 6.1). This technique is used in Fig. 6.3, where tuning the wavelength of the
drive from 1530 nm to 1565 nm translates the probe modulation response by a corresponding
amount without changing the overall shape. Through this process, the modulator center
wavelength may be continuously tuned across the entire C band. Within this device, this

range was limited only by the tunability of the drive laser.

6.4.1 Anti-Stokes Modulation Data

Through these experiments, we have utilized inter-band modulation through a Stokes scat-
tering process. All of the same operations and nonreciprocal behavior are also available
through anti-Stokes NIBS, a form of coherent anti-Stokes Brillouin scattering (CABS). This
process is plotted in Fig. 6.4a-b. The basic operation scheme for the anti-Stokes process
(Fig. 6.4a) is identical to that of the Stokes process (Fig. 6.4h), except the opposite mode
is injected in the modulator waveguide. In the forward direction, the elastic wave produced
through SIMS mediates anti-Stokes scattering from light in the anti-symmetric mode to
light in the symmetric mode. The energy level diagram for anti-Stokes NIBS is depicted in

Fig. 6.4b. The interaction of two optical waves in the drive waveguide moves the system
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Figure 6.4: Anti-Stokes NIBS modulation, (a-b) depict the device operation scheme
and energy level diagram in analogy to Fig. 1 ofthe main article, (a) shows an illustration
of nonlocal interband Brillouin scattering for the anti-Stokes process. While the phonon
emission is unchanged from the text, light is incident in the anti-symmetric mode of the
modulator waveguide. The phonon blue-shifts and mode converts this light as it traverses
the device, (b) plots the energy level diagram for this nonlocal coherent anti-Stokes Brillouin
scattering process, (c) shows the anti-Stokes modulation response for light propagating in
both directions through the modulator waveguide as a function of probe wavelength, (d)
plots the corresponding output spectrum relative to a single optical incident field for a
wavelength of 1548.3 nm. (e-f) plot data for the Stokes process in the same device for
comparison, (e) plots the forward-backward Stokes modulation response, while (f) plots
the output spectrum at a probe wavelength of 1548.3 nm. Adapted from Ref. [224].
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into an excited vibrational state (drives a phonon), and this phonon is then annihilated
through linear anti-Stokes scattering to produce a blue-shifted probe photon.

As show in Fig. 6.4c-f, the experimental modulation response (Fig. 6.4c,e) and single-
sideband suppression (Fig. 6.4d,f) are identical for anti-Stokes (middle panels) and Stokes
processes (bottom panels) within the same waveguide. Therefore, either process may be
used for nonreciprocal operation !. The insensitivity of the modulation response to the type
of process used means that the data plotted in Fig. 6.3 essentially represent the forward- and
backward-modulation response for both Stokes and anti-Stokes processes. So, regardless of
the input modal content, through nonreciprocal operation light propagating in one direction

experiences mode conversion, whereas light propagating in the reverse direction does not.

6.4.2 Phase-mismatched Lineshape

When the NIBS process is phase-matched, (i.e. /\g) = Xf Or \p,), the frequency-response of
the modulation efficiency follows a Lorentzian response, as in Fig. 6.3b. However, when
the probe is detuned from this wavelength, the inter-band scattering process accumulates a
relative phase Agpmz as it propagates along the device, resulting in phase-mismatched cou-
pling, where Agpm is given by Eq. 6.8. When this is the case, the experimentally-observed
modulation frequency response takes on different and interesting shapes, characterized by
features such as asymmetric lineshapes, very sharp frequency rolloffs, and notch-type fea-
tures indicative of interference effects. Several characteristic lineshapes are plotted as a
function of probe wavelength, and hence wavevector mismatch, in Fig. 6.5.

These lineshapes can be understood as resulting from a combination of a position depen-
dent phase-mismatch, and changes in the resonant Brillouin frequency and optical wavevec-
tors along the device length. The latter two of these mechanisms are discussed in detail in
Ref. [242]. To understand the source of the various frequency response shapes, we construct
a simple model that includes a constant wavevector mismatch Agpm within the device that
is set by Eq. 6.8, and variations in the Brillouin frequency and gain coeflicient along the

device. We represent the power amplitudes of the drive-waveguide optical fields as ag)

1. Note that, if large probe powers are used, the CSBS process can nonlinearly enhance the phonon field,
and hence modulation efficiency, while CABS, through a conjugate process, annihilates phonons.
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Figure 6.5: Phase-mismatched NIBS response. Frequency response of one silicon NIBS
modulator device four four different probe wavelengths, and hence wavevector mismatches,
(a) Ap= 1544.1 nm, Ag = —1422 m-1 (b) Ap —1548.4 nm, Aqg —0 m-1 (“phase-matched”)
() Ap = 15493 nm, Aq = 297 m-1 (d) Ap = 1549.7 nm, Ag = 428 m-1. These different
lineshape behaviors result from position-dependent changes in device dimensions, and hence
optical and acoustic propagation. Adapted from Ref. [224].

and as , and the amplitude of the probe wave in the modulator waveguide as a‘®J The

accumulation of the scattered Stokes wave a$”’ can is described according to the equation

da® 7 (z)1/2

. —eldgmZa¥iz)at* (z)a* (2) (6.15)

where 73 (2) = G&{z)/2 is the nonlinear coupling coefficient and Ob (2, is the phonon
resonance frequency as a function of position z along the device length, and 7 is the intrinsic
phonon decay rate. The effect of waveguide core size variations on the optical propagation

constants for the two modes may also be included by letting also depend on z, though
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we neglect this here for simplicity. Depending on the chosen forms of 7B (z) and PB(z) ,
Eq. 6.15 produces all of the behaviors observed in Fig. 6.5, and many others.

If we take all parameters to be constant with respect to - and assume undepleted drive
fields, Eq. 6.15 leads to the expected sinc-like modulation response as wavevector detuning

is varied:

a”(L)= aWo%V’aP) 7bF/2 eiAgpnedz
p p nB- n - 1172 JO
(6.16)
= fl(H)fIWV)
p s pnB
so that the output scattered light power is
(6.17)

2(— .
(DB-D)2+ r /432 {—§m ®
6.4.3 Experimental Modulation Efficiency and Device Parameters

For each of the devices studied in Fig. 6.3, the maximum modulation efficiency 72 =
Ps2\ L )/Pp2\o) was around 0.01 (1%). Here, we briefly study the dependence of i2 on the
incident drive-waveguide powers Ppl*and P* .Fig. 6.6 shows the experimentally-measured
modulation (mode-conversion) efficiency for one NIBS modulator device as a function of
the total drive waveguide power, up to a maximum incident power of P = 104 mW. The
pump- and Stokes- waves powers are scaled by the same amount so that, throughout these

measurements, the relative input ratio is P (0) = 0.65P1>)(52,(0).

Experiment
Theory

0.2-

0.0
0 20 40 60 80 100

Incident Pump Power (mW)

Figure 6.6: Experimental modulation efficiency. NIBS modulation efficiency for one
device as a function of incident drive-waveguide power. Adapted from Ref. [224].

180



At low powers, the modulation efficiency follows the expected power-squared trend ac-
cording to Eq. 6.17. However, this trend deviates somewhat due to nonlinear absorption in
the drive waveguide at high powers (see Section 5.4 for more details). At the highest tested
total power, the observed efficiency relative to the incident probe power is about 0.9%,
including ~1 dB of linear loss through the modulator waveguide. In principle, improved
efficiency should be possible with increased pump powers.

A theory curve (black) is plotted atop the data in Fig. 6.6, corresponding to a numerical
fit to the full dynamics of the system (studied later in Section 6.6). This curve agrees well
with the measured efficiency trend for a Brillouin gain coefficient in each waveguide of
Gg = GW = G® =195+ 10 W lm~!. The other device parameters used in this fit are
summarized in Table 6.1. The linear and nonlinear loss coefficients are determined according
to the methods of Section 5.4, and the acoustic wavevector ¢ and group and phase velocities
vp,g and vy, are determined from finite-element simulations. The loss coeflicients are indexed

according to the participation of the symmetric (+) and anti-symmetric (-) optical modes.

6.5 Scattering Matrix Model of NIBS

We have seen how NIBS can produce nonreciprocal mode conversion through both Stokes
and anti-Stokes scattering, and can produce modulation for either forward- or backward-
propagating light depending on the optical wavelength. In this section, we develop a simple,
phenomenological scattering matrix model that describes the various processes produced
through NIBS, and show how this model can be used to explore the behavior of cascaded
operation through multiple NIBS-active devices.

Each NIBS modulator waveguide has four ports corresponding to each end and optical

mode. We represent these four ports, as diagrammed in Fig. 6.7, as an element of a column
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Table 6.1: Measured and Calculated Device Parameters

Linear optical parameters value
L 2.387 cm
aiLl’Q) 4.6 m™!
a? 9.2 m?
Nonlinear optical parameters value
Brillouin Gain
G 195 Wim~1
TPA coefficients
el 34410 m~1W-!
g2 30+ 9 m~1W-!
g2 — 21 20 + 6 m~TW-!
FCA coefficients
12 1000 + 400 m~ W2
F22) 790 + 430 m~ W2
12 122 340 + 200 m~1W—2
Acoustic parameters value
Qp 27rx5.70 GHz
T 27 x17.0 MHz
Q=0/T 335
q 4.5 x 10° m~!
Ub,g 830 m/s
Vbp 8.4 x 10 m/s
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vector A. An optical signal at a single port ¢ is represented by a single nonzero entry:
A; = , (6.18)"

where we have normalized the total power amplitude to a value of 1. In this model, we can

write the scattering matrix for the NIBS modulator on an input signal as:
Aout =B- A-iny (619)

where Aj, and Ayt are the column vectors representing the respective input and output
fields. Assuming ideal mode multiplexers so that there is no cross-talk between channels,

then B is given by

0 0 1— 77f2 b eTi(dp+02)

0 0 eFilent0t)  f1 2
B= e o (6.20)
/11— 77f2 nfe:Fi((bf-f-Qt) 0 0

nfe:l:i(¢f+ﬂt) 1— ,’7? 0 0

In this scattering matrix, n? and n? are the modulation efficiencies for forward- and backward-
propagating light, respectively. ¢ (ép) is the phase shift associated with inter-band scatter-
ing in the forward (backward) direction, and €2 is the frequency shift imparted by NIBS. The
upper or lower symbol of + and F represents the case of a forward- or backward-propagating
acoustic field. The anti-diagonal terms of the scattering matrix represent NIBS, with the
sign of the frequency shift corresponding to Stokes or anti-Stokes scattering. This matrix
is asymmetric when 7 # ny, representing a linear, nonreciprocal mode conversion process.
Through typical operation, strong nonreciprocity is achieved when the forward- and
backward- modulation efficiencies are different by orders of magnitude. For example, we
consider the case where n? > nZ ~ 0, in other words that the device is operating around

an optical frequency wr where strong modulation occurs only for forward-propagating light.
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A. ) é
» eHfrm

in(G). A0

Figure 6.7: NIBS modulation within the scattering matrix formulation, (a-d) show
the output wave amplitudes at each port corresponding to light incident in each port of the
four-port modulator waveguide. In (a-b), significant mode conversion is achieved in the
forward direction (rjf ~ 1), while in the backward direction light propagates through the
device with only a small amount being mode-converted (1fc « 1). (e) shows one potential
approach to construct a frequency-neutral acousto-optic isolator based on serial cascading
of two NIBS modulators. Adapted from Ref. [224].
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(Alternately we could consider backward-propagating light around a frequency wy, where
nZ > n? ~ 0.) In this case, we can represent the operation of B for four different input cases
using the diagrams in Fig. 6.7. The input and output amplitudes at each port are labeled
next to their corresponding position in space.

When the interband conversion efficiency approaches unity nfz = 1, the scattering matrix

becomes:
0 0 10
B . 0 0 01 (6.21)
2_1 = . .
=t 0 eFiles+0t) o g
eii(d’ﬁ'ﬂt) 0 00

In this form, NIBS is represented by the antidiagonal terms in the first two columns, while
the next two columns represent transmission of backward-injected light through the device.
This scattering matrix represents a frequency-shifting four-port circulator: Light incident
in port 1 scatters to port 4, port 4 transmits light to port 2, port 2 scatters light to port
3, and port 3 transmits light back to port 1. We can see these behaviors explicitly through

the scattering matrix equations:

B,s_; - Ay = eHOrHA,, (6.22)
B,2_i - Ad= As, (6.23)
B,z - Ag = e A, (6.24)
B_i- Az = A;. (6.25)

We now extend this model to include the potential for cascaded operation of multiple NIBS
modulator devices. To enable port-connecting operations, we introduce an auxiliary matrix
T;; defined by
013015 015025 014035 014045
T, = 02i015 02i02; 02:03; 024045 ‘ (6.26)
03:015 033095 03i03; 033045

04i015 O0ai02; 047035 O04i04;

For a series of two NIBS modulators, T;; represents connecting port 4 of the first device
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to port j of the second device. Through the use of a repeated index, i.e. Ty, we can also
represent back-reflecting light at port i.

To illustrate an application of this mode, we consider a simple design for a frequency-
neutral isolator consisting of two NIBS modulators connected in series through the con-
figuration in Fig. 6.7e. In this design, port 4 of the first modulator is connected to port
2 of the second. In the forward direction, light incident in port 1 is mode-converted and
red-shifted through a Stokes process in the first modulator, before being transmitted into
port 2 of the second modulator. This signal is then blue-shifted back to its initial frequency
and converted to the fundamental mode through an anti-Stokes process. The net forward

transmission is:
Ar=B Ty -B-A;

0 (6.27)

e /1 _ n?e:l:i(‘f’f—FQt)

Light injected in the backward direction through port 3 of the second modulator does not
experience strong mode conversion since 7, < 1. As a result only a small amount of light

is transmitted through through the system:

Ay, =B -Toy-B-Aj

nt

_ b /1 — n%e;i(‘ﬁb‘i‘nt) (628)
0
0

The nonreciprocal power transmission ratio between forward and backward directions is
Tor = Piy3/Ps1 = 77§L / nﬁ. The effective insertion loss for forward transmission is 172‘, the

square of the modulation efficiency for a single device.
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6.6 Coupled Amplitude Equations and Dynamics of NIBS
Couplings

In the previous sections, we have studied the behavior of NIBS in terms of nonreciprocal
transmission and traveling-wave phase-matching. Here, we write down the coupled am-
plitude equations which describe the spatial evolution of the optical anci acoustic fields
participating in the NIBS process. We consider a system which separately couples two
pairs of optical waves through a common phonon mode, as in the dual-waveguide mem-
brane structure of Fig. 6.1. This treatment may be generalized to devices which couple
additional sets of optical waves, or be readily adapted to systems which produce similar
traveling-wave couplings, including general classes of polarization-multiplexed or multi-core

optical fibers and integrated waveguides.

6.6.1 General Coupling Equations Including Nonlinear Loss

We assume that the NIBS interaction is driven on-resonance (2 = Qp), phase-matching
is satisfied, and that the system is in the steady-state so that all time derivatives go to
zero, following the approach of Chapter 2. In the drive waveguide, we consider two guided

I(,l) and wél) = wl()l) — 2 with amplitudes algl) and a_g,l). When

optical waves at frequencies w
these waves are coupled through a common phonon field with amplitude b, their coupled-
amplitude equations of motion are those for SIMS (Section 2.2.3) in the presence of nonlinear

loss.

aag) G0 1 1 1 1 MK 1 Dl 1
Faiaia A 5(6“5’*/3&3 a0 +283 o] )“f»)‘

3 (200 + 6o 492 o) o o, (620
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(1) 1
bas’ _ Qa(l)b* _1
0z 2 P 2

(o

1 2 2 2
5 <2ﬂ§§)+47§§3 laé”’ +75h ’agl)' ) )ag>| alD. (6.30)

o[+ ald]") ot -

As in prior chapters, we have assumed that the phonon field is heavily spatially damped
compared to the distance over which significant optical energy transfer occurs, so that the

phonon field adiabatically follows the spatial evolution of the optical field product:
b=a{d"all). (6.31)

In these equations, G represents the real-valued Brillouin gain coefficient in the drive
waveguide, «; is the linear power loss coefficient for mode ¢, £;; and B;; are the intra- and
inter-modal loss coefficients due to two-photon absorption (TPA). ~;; is the intra-modal
loss coefficient for TPA-induced free carrier absorption (FCA), while «;;; and ~;; are the
inter-modal FCA loss coefficients. Here ¢ and j are indices which refer to either optical
field (mode). The optical amplitudes are n;)rmalized with the condition Pél) (2) = lag)'z

2
and Ps(l)(z) = agl)‘ and the phonon field is normalized such that P, = %%G(l) |b12,
Ws

where vy, ¢ is the acoustic group velocity and I'g is the acoustic decay rate. This particular
normalization allows the equations of motion for the field amplitudes to be written in terms
of the usual Brillouin gain coefficient, for simplicity. Equations 6.29-6.31 describe SIMS in
the presence of nonlinear loss.

To describe NIBS couplings, we introduce two additional optical waves (guided in a sep-
arate waveguide) which couple through the same acoustic phonon mode. These fields have

power amplitudes al(f) and agz), at distinct optical frequencies separated by the modulation

frequency wéQ) = wl(f) — Q. In general, the spatial evolution of these fields is governed by

equations corresponding to Egs. 6.29-6.30:
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80(2) G2 2 1 2 2 2|2 2 2|4 2
P — et = 3 (o + 8 o[+ i3y o] ) o2 -

: (255,@ + 42 |o2 +12a? ]2) 0@ 0@, (632

8a§2) _ G @

2+ _
0z 2 ap b

(aé” + 68

% (258(3) _'_475(82})) lagz)’2 +75(g% ’al(f)‘z) ‘a1(>2)’2a£2)’ (6.33)

2
o] ++@

4
% ag)} >a§2> _

where we must also modify the phonon field (Eq. 6.31) to include drive terms from both
sets of optical waves:

b= agl)*al(bl) + a_g?)*ag). (6.34)

Note that this modification opens the door to new types of couplings. In contrast to
SIMS, which always mediates energy transfer from red to blue tones, NIBS can produce
anti-Stokes couplings, and back-action on the phonon field with behavior dependent on the
relative coupling phase.

Depending on the specific drive and modulator waveguide geometries, the linear and
nonlinear coupling and loss coeflicients can be very different for each set of optical waves.
However, in the silicon NIBS modulator, drive and modulator waveguides are almost iden-
tical, so G ~ G3), az(l) ~ az@, ﬁg ) ~ ﬁg), and 71(;,1 = %(f,: In the equations of motion,
we have also neglected the potential for inter-core nonlinear loss arising from diffusion of
optically-driven free carriers from one core to the other. We do not experimentally observe
excess inter-core loss even at the highest tested powers, so this simplification seems justified.

Together, Egs. 6.29-6.30 and 6.32-6.34 describe the general spatial evolution of the
coupled waves within the NIBS modulator, and are used to calculate the theoretical trend

in Fig. 6.6.
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6.6.2 Approximate Analytic Solution to Coupling Equations

To understand the limiting behavior of energy transfer through NIBS, we seek a closed-form
solution to these coupling equations. In order to make this problem tractable, we neglect
nonlinear loss, which we can later re-introduce in an approximate form, and consider only
a single linear loss parameter agl) = ozg) = o1, We also assume that the optical powers

in the modulator waveguide are relatively small, so that we can neglect the action of the

agl)aél) l >

modulator waveguide optical fields on the phonon amplitude agz)al(f) ' . In this

case, the equations of motion for the five field amplitudes become:

Q
dap’ _ GY ), 1oy,

% o saWal), (6.35)
Bagl) lele)) 1
N L (6:36)
9 G o 1 g
W = —Tas b —_ —2~a ap , (6-37)
(2 (2)
b=a{®"ad. (6.39)

Substituting Eq. 6.39 into Eqgs. 6.35-6.36 simplifies the equations for the fields in the drive

waveguide to the form:

30,(1) a® 2 a®)
S =g o] el — Tal, (6.40)
aal?) W 2 a®
s _ 2 i@, 2,0
5z 2 (ap ' % g 4" (6:41)

Since we assumed that the phonon field is only strongly-driven by the waves within the drive
waveguide, these equations are decoupled from those representing the modulator wave. We
first seek the general solution to this pair, which will let us write down the spatial evolution

of the phonon field b.
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To simplify these equations, we make the change of variables aél) = oW/ 2Q1(>1)a afV) =
e—a(1)2/2q£1). The resulting equations read
8(](1) G(l) 2
a‘; --£ qs(l)' s qu()l), (6.42)
3q(1) a® 2w
=g ] e 4

. . . C o (W (1) (W* (D) _
Note that these transformed equations satisfy the conservation relation 5 (g5’ ¢p’ + 95 g5 ) =

(1)‘2

2
ql(,l)} +|gs’| is a constant exactly equal to the total input power Pl(nl) This

0. As a result,

power conservation relation lets us decouple Egs. 6.42-6.43:

dg5” _ GOy 1 ) —a®s )

T (AP - e ) eV, (6.44)
' 8qs(1) _ G (1) (1) 2\ o, (1)

e Gt U I (645)

Finally, we seek a solution of these decoupled equations through direct integration. This

is possible because, although qI(,l) and qgl) are complex numbers, their complex phase is

unchanged with propagation. Therefore, we can make another set of substitutions rf}) =
e‘i"b’(’l)ql(al) and rs(l) = e"i¢§l)Qs(1), where r1(>1) and rgl) are real and eid’g’l) and ewgl) are the
phase factors of the pump and Stokes waves, respectively. The equations governing the

spatial evolution of these real variables are

orV GW Y2\ L—a®z, (1)

e (Pin = (r)") e, (6.46)
8TS(1) — GW (1) (1) 2\ ey (1)

.= (Pin G ))e r{, (6.47)

191



Each of these is now separable with the respective solutions

cWpM®
Pig)e ()

cWel
k‘ + € cxtlj (e “ _1)

, (6.48)

2
rr()l) (2) =

Pk

c®Wp® gy N
k‘ + e a(lj (8 * —1)

rO?(2) = (6.49)

where k = Ps(l) (z=0)/ Plgl)(z = 0) is the ratio of input Stokes-wave to pump-wave power.
Since the exponential terms in each solution, as well as & and Pigll), are all positive, we

take the positive square root of each side and transform back to field amplitudes using

(1 _ ei¢§1)e—a(1)z/2rs(1) .

;L) 1
al()l) — ez¢p e—a( )2/21"1()1), as

cWp® gy
ewg) Pigll)e_au)zﬂemg:_(ea —1)

M (2) = 6.50
ap (Z) a0 5 ) ( )
k+67ﬁ”‘(e =Me1)

ORI ey
eids e Vz/2, [ Pk
oM (2) = i (6.51)

o) p(1) 1 '
Vk+e =@ (eme®-1)

The resulting driven phonon amplitude is directly calculated as

(1) p(1)
(1) (1) G\ PR —a®
ez(d>p és )e_"‘(l)zlj‘i(nl)\/l;ez_a(ll)n_(e ¢

(1) p(1)
I e G
[+3

7-1
= e b (2)],

b(z) =alM" (2)all (2) =

(6.52)
where we have also rewritten the phonon amplitude as a product of a complex phase ei®> =
ei(d)g’l)_ gl)) and a real amplitude, |b(2)].

We now return to the Egs. 6.37-6.38 for the modulator-waveguide optical field ampli-
tudes. Note that energy transfer may occur in either direction between these two fields. In
particular, if we inject light into one of the two modes (fields), it is initially coupled to the

other via either Stokes or anti-Stokes scattering. Through this analysis, we will focus on

the Stokes scattering process, i.e. we inject probe light into the higher-frequency field. We
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begin with the same change of variables al(f) = =2/ 2q1(;2), al?) = @/ 2qs(2) to eliminate

the optical loss term:

dg5” _ G o), __GD ) g,
b _ G = C e )], (6.59)
8¢?  c® @ _ GD o i
S = BV =g e b (2)] (6.54)

As before, we would like to transform these complex differential equations to terms involv-

ing real variables with a complex overall phase. We use the substitutions ﬁ()z) = e‘i‘f’lgz)q,(,z)

@ _ o—i(d0+el) @

:1(2) . .
and r , where €% is the input phase of the probe wave in the mod-

ulator waveguide. This transformation eliminates the phase of the phonon field which we

introduced earlier, to yield the coupled equations

5, = g s b (6.55)

az = T’I“p |b(Z)| (656)

In contrast to the equations for the drive waveguide, here we can only assume a single arbi-
trary phase factor eid’é2> for the pump wave, while the scattered Stokes wave is constrained
to phase ¢ + ¢>1(,2)‘ If some amount of light in the Stokes wave were incident at a different
phase, then the dynamics of this problem become more complicated. Instead, we assume

that there is no incident Stokes signal, as is typically the case. In this situation we let rl(az)

be real since we have already factored out an arbitrary phase, and hence r§2) will also be
real.
- ; - on 2 [ (r@) o (@)
These equations satisfy the power conservation relation 5 ( (rp + (rs =0, so
2 2
as before we can write (r£2)) + (r§2)) = Pi(nz), where Pl(nz) is the total incident power in
the modulator waveguide and is assumed to be incident entirely in the blue-detuned probe

2
wave, i.e. Pi(nz) = (rr(,2)> (z = 0). The spatial evolution of the probe wave then obeys the
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equation:

or® @ 2
gz =2 1’1(3)~(r§2)) Ib(2)]. (6.57)

Regardless of the form of the phonon field |b(z)|, this equation is separable:

87‘9 _ G®@
2 2
- ()

|6 (2)| 0= (6.58)

In other words, provided that we can integrate the driven phonon field over space, we can
find an exact expression for the Stokes signal power. When the phonon amplitude is given

by Eq. 6.52, this equation becomes

cWpM ,
() () g—a®z p(1) s, i (e V-1)

/ Ors _ / G2 ¢ Ve 6z, (6.59)

T(z))2

)

(1)
/P2 —( k+e%(e‘°‘(””)

The lefthand side may be integrated with a trigonometric substitution, and the righthand

side is integrable with the substitution u = e—aWz,

Wp/ o),
. 1 T§2) G(Z) . __1( 1 ) . 9 eralP(e 1 _1)
a = — ] —ta ,
’ PO _ (r(2))2 ¢ \ " A\VE) T N

(6.60)
which leads to
W p) (1)
) ) e )
@_ ./ p@ | C af LY Lo afe
g P, sin o tan <\/E> tan 7k (6.61)

A4 (1) (1) ((2)
Substituting back to find the original complex field amplitude using a§2) = ez((pr ¢+ ) e=oPz/ 27'5(2)

we have

¢ p) (e—"‘(l)z—1>

)—tan‘l e
vk
(6.62)

(W), (2 (2
al?) = V PinQ)(Sz(d)p Bl ) e~ D2/2gip ¢ tan™ <

1
am 7
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This equation gives the amplitude of the Stokes-scattered signal in the modulator waveguide
for any combination of input drive and probe powers, or Brillouin couplings. We can also
calculate the modulation efficiency n?, which we defined earlier as the ratio of the output

scattered power relative to the incident optical power in the modulator waveguide:

2 _ PO _a®"(1)el® (1)

c®Wp® )y,
I e N S e ()
=e * " ~sin® | ——= | tan — | — tan T

(6.63)

Here z = L is the total device length. To reach the maximum efficiency, the expression
inside the sine-squared term should be equal to 7/2. Of course, it is not always possible to
increase the drive power or Brillouin coupling strength at will. For fixed values of G M and

pm

45 (1.e. given a device design and power budget), this expression is maximized when

G(l)Pi(nl) (e—a(l)L _1)

k=e z® (6.64)

This condition describes an optimal way to bias the relative input powers of the two optical
waves in the drive waveguide. Assuming that we can reach this optimal power biasing,
the minimum drive power to reach unity efficiency (complete power conversion, neglecting

linear insertion loss, in the modulator waveguide) is:

) c®
W _ 20 2 (7
Py = O (e—a(l)L =) log (tan (4 (1 G’(2)>)> . (6.65)

Special Case: G1) = G2

Eq. 6.65 describes the minimum drive power to reach unity conversion within a system
where the drive- and modulator-waveguide Brillouin gain coefficients are unequal. It turns
out that this configuration may actually be beneficial to achieving large NIBS energy trans-
fer.

By contrast, in symmetrical systems the Brillouin coupling coefficients for each waveg-

uide are nearly identical, as is the case for the silicon NIBS modulator where the drive

195



and modulator waveguide core sizes and wavelengths are different by less than 2%. In this
situation, the equations governing the energy transfer dynamics simplify considerably. In

the case where G() = G@ = @, Eq. 6.63 becomes

GP(l) (1) 2
in (l_e—a L)
e 2a(D) -1
_~(2) k'
2 _ e~ L

n? = , (6.66)
k' + 1 GP.(l) _a(D)
<ke i (1meer) 1)

In this case, it is impossible to exactly reach 100% energy transfer. An absolute upper
bound on 7? is defined by the relative ratio of input pump to Stokes powers in the modulator

waveguide.

1
li 2 _ —a2r )
= @57

In other words, in the case of equal couplings, the fractional power transfer in the modulator
waveguide is bounded by the fractional power transfer in the drive waveguide. This limit
results from pump depletion, and hence phonon field attenuation, in the drive waveguide.
In practical experimental systems, there is an upper limit on optical power, Brillouin
coupling, and device length. When these are fixed, the maximum energy transfer is achieved
when the input power ratio k satisfies Eq. 6.64. In this case, the maximum efficiency is

given by:
GPY (1-et)
m

2 _ _—o®@L 2
nmax =€ tanh 4a(1)

(6.68)

If drive-waveguide propagation losses are small (ML « 1), then this expression simplifies
further

arPYL
120 = e~ L tanh? <——$ > . (6.69)

6.6.3 Externally-driven Phonon Field

In the previous sections, we have derived expressions governing NIBS energy transfer in
the case of distributed driving of the elastic field by a pair of coupled optical drive waves.
In order to achieve maximum energy transfer within a reasonable device footprint, other

driving schemes would likely be preferable, e.g. re-injection of drive light along device length,
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or electromechanical driving of the phonon mode [351,352]. To evaluate these possibilities,
we briefly consider the case of an arbitrary phonon amplitude profile.
From Eq. 6.58, we derive an analogous result to Eq. 6.63 for an arbitrary external

phonon field:

772 = PS(Q)(E)L) = e Lgip2 (/L ——G(2) b (2)] dz) . (6.70)
P, 0 2
For a phonon field b(z) = by whose power amplitude is constant in space, this expression
becomes:
n? = e~ L gin?2 (G(2;b0L> . (6.71)

This efficiency is maximized when G®byL = 7 or an odd multiple of 7.

Note that for an optically-driven acoustic phonon bg o< 4/ Pél)PS(l), so we can actually
find a minimum bound on the optical power necessary to achieve unity modulation efficiency.
This could be the case if we utilize re-injection of drive light along the waveguide, or an
alternate phonon emission scheme which does not produce phonon depletion (for example
using intra-mode FSBS). Alternately, resonant designs for the drive waveguide could achieve
similar benefits at lower input powers. Regardless of the drive scheme, assuming Plgl) =
Ps(l) = Plgll) /2, which locally maximizes the driven phonon amplitude, then G (Q)Pi(nl)L > 2.
By contrast, in the case of a linear NIBS modulator, Eq. 6.66 gives a condition G (2)Pi£11)L =
12 for 99% modulation efficiency in a linear device.

We can calculate the corresponding z-directed acoustic power necessary for unity ef-
ficiency by invoking the normalization condition P, = %—‘:%G bo|* where we assume a
single Brillouin coupling coefficient G and optical Stokes frequency ws. In this case, the ap-
proximate acoustic power required for complete energy transfer from pump to Stokes waves
is

_ Qpupg 72

which can also be expressed in terms of the distributed optomechanical coupling strength

9o as [233]
Ub,gvs’l)p 7T2

P, = hQgp —,
4]gof* L?

(6.73)
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where vs and v, are the optical group velocities of the pump and Stokes waves. For
a Brillouin-active silicon waveguide with identical parameters to those studied here, this

threshold acoustic power is:

_ 2r5.7GHz  826ms™’ 2 1
® T 2r194THz 2r17MHz (0.024m)? 195W-Im-!

=20nW. (6.74)

Traveling-wave acoustic powers of this magnitude could easily be achieved through elec-
tromechanical driving, or by SIMS-mediated phonon emission in silicon at mid-IR wave-
lengths, where two-photon absorption vanishes, permitting order-of-magnitude increases in

optical power handling.

6.7 Improving Modulation Bandwidth with Waveguide Dis-

persion Engineering

The phase-matching bandwidth Awpwmm of the NIBS process is determined by the group
velocities of the participating optical modes according to Eq. 6.10. Specifically, this band-
width is inversely proportional to the difference in group indexes of the modulator-waveguide
waves Ang = Ingl_ —ng,—(2)]. Reducing the difference in group indexes between these fields
therefore provides a means to directly enhance the bandwidth of the NIBS modulator. Note
also that this increase in modulation bandwidth preserves the nonreciprocal performance,
since the frequency splitting between wr and wy, also scales inversely with Ang as seen in
Eq. 6.12.

The optical group velocities of the modes are determined by the cross-section refractive
index profile of the modulator waveguide. Therefore, minimizing Ang can be achieved
through careful choice of the waveguide design and material system [258,353-357] as a
means to maximize the NIBS modulator bandwidth.

As an example, we compare the phase-matching bandwidth of the silicon NIBS modu-
lator and an alternate design based on a modified waveguide geometry. Fig. 6.8a shows the

cross-sectional geometry used for each waveguide core of the NIBS modulator, and the sym-

metric and anti-symmetric optical mode profiles. For this design, the simulated difference of
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An_=0.11 An_ <0.01
g 9

1500 nm 750 nm

Figure 6.8: Dispersion engineering and the phase-matching bandwidth, (a) shows
the relevant cross-sectional dimensions of a ridge waveguide used to construct the silicon
NIBS modulator, and the simulated x-component of the electric field for the symmetric
and anti-symmetric optical modes, (b) Calculated normalized transmission as a function of
wavelength shows the expected sinc-squared response in the forward and backward direc-
tions. (¢) An alternative ridge waveguide design with reduced ridge dimensions and angled
sidewalls, resulting in a tenfold reduction in the difference of group indexes, (d) Calculated
normalized transmission of a NIBS process using waveguides shown in (c). The reduction
of Ang increases the bandwidth by a factor of ten. Adapted from Ref. [224].
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group indexes Ang = 0.11. The expected forward- and backward-transmission response of
a NIBS modulator based on this waveguide design is illustrated in Fig. 6.8b. An alternate,
weakly-guiding waveguide design is illustrated in Fig. 6.8¢c, where the dimensions of the
guiding ridge are half of those in 6.8a and the sidewalls are at a 65° angle. The difference in
optical group indices for the two modes in this design is calculated to be Ang = 0.01. The
calculated transmission response of the modified device is illustrated in Fig. 6.8d, showing
a >10-fold increase in modulation bandwidth. Similar decreases in Ang can be achieved by
a variety of different design strategies to enable ultra-broadband nonreciprocal devices in

silicon photonic circuits.

6.8 Discussion and Summary

In this chapter, we have proposed and demonstrated an intriguing form of traveling-wave
Brillouin-based nonreciprocal modulation in an optomechanical silicon waveguide. Through
this process, we have demonstrated high-fidelity nonreciprocal couplings over large (>125
GHz) operation bandwidths in an ultralow-loss integrated waveguide for the first time.
Furthermore, through optical tuning of a driven phonon wavevector, we have shown tun-
ability of this process over a 4 THz (35 nm) frequency window. Because the bandwidth
of the NIBS modulator is directly set by the dispersion of the participating optical modes
(o ng)_ — ng_),_ _1), nonreciprocal devices with operation bandwidths greater than 10-100
nm may be possible through such interactions [239,258]. These results point to inter-band
acousto-optic scattering as a promising method to create high-performance non-magnetic
isolators and circulators within integrated photonic circuits.

The use of a nonlocal traveling-wave acoustic emitter to drive inter-band transitions per-
mits low-loss nonreciprocal modulation. This approach avoids a difficulty of early electro-
optic implementations where designing structures to induce an asymmetric index modu-
lation over cm-scales led to prohibitively high (70 dB/cm) propagation losses [348]. By
contrast, the silicon NIBS modulator permits linear propagation losses as low as 0.2 dB/cm
and 0.4 dB/cm for the symmetric and anti-symmetric optical modes, respectively. The

traveling-wave NIBS modulator extends narrowband schemes for nonreciprocity based on
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resonant optomechanical [188,207-211,221, 344-346] or acousto-optic structures [351] to
broadband operation; because NIBS uses no optical resonances, and a steady-state driven
elastic wave, it permits reconfigurable nonreciprocal operation over a bandwidth 7000 times
greater than that of its intrinsic resonant elastic response.

To ultimately adapt the inter-band modulator to low-loss isolator and circulator designs,
it is necessary to achieve internal efficiencies close to unity. Through the experiments of
this chapter, we have demonstrated scattering efficiency 7% ~ 1% using an average drive-
waveguide power P =~ 90 mW. While this efficiency scales ocP2, power handling within
these types of waveguide structures is limited to ~200 mW without improved thermal an-
choring or surface passivation steps. Alternately, optical power handling could be improved
through electrical extraction of optically-produced free carriers [236], or by designing the
drive waveguide to operate at wavelengths above A = 2.1 um, where two-photon absorption
vanishes in silicon.

An alternate approach to realize near-unity coupling is by utilizing pizeoelectric phonon
generation, as in Ref. [351], to drive the inter-band transition. While this approach is not
generally wavevector-tunable, it should permit efficient conversion of electro energy into
elastic waves. While optical driving produced phonon powers on the sub-uW level within
the silicon NIBS modulator, piezoelectric transduction is routinely used to produce acoustic
powers >1 mW [352,358-361], and can be engineered to provide the necessary elastic wave
shape and wavevector for efficient inter-band coupling. In the future, electromechanical
transducer desigﬁs which produce distributed phonon emission similar to the electrostrictive
drive in the NIBS modulator could offer an energy-efficient path toward high-performance,
waveguide-integrated acousto-optic isolators.

In summary, in this chapter we have demonstrated a new form of nonlocal, inter-modal
Brillouin coupling drawing heavily on the advances of the previous chapters to demonstrate
broadband nonreciprocal acousto-optic modulation. This work represents the fruition of a
collection of prior theoretical [239,258,347] and experimental works [188,221] toward the

creation of novel (and hopefully useful) functionalities within integrated photonic systems.
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Chapter 7

Conclusion

Through the work documented in this dissertation, we have developed a variety of devices
which harness light-sound couplings within integrated waveguides. This research has been
extremely exciting, not only because of the fascinating physics underpinning these various
optomechanical systems, but also since it has brought new functionalities to the toolkit of
silicon photonics, a field which at this point seems comparatively mature.

Retrospectively, the output of this research may be grouped according to several overar-
ching themes: First, although the development of FSBS- and SIMS-based optical amplifiers
led to an array of interesting phonon physics, these studies were grounded in the field of
integrated nonlinear optics. In particular, the use of multimode interactions enabled power-
ful control over the dynamics of nonlinear energy transfer in guided-wave systems. Beyond
integrated devices, this paradigm seems to simultaneously be of growing interest to the
study of more traditional optical platforms, such as with Kerr and Raman interactions in
optical fiber.

Second, all of the devices presented here harness interactions between traveling-wave
photons and phonons. In contrast to cavity-optomechanical systems, which can be thought
of as zero-dimensional, traveling-wave systems allow for broadband interactions, as well
as tailorable spatial dynamics. These degrees of control enable a wide array of behaviors
ranging from intrinsic decoupling of Stokes and anti-Stokes scattering in inter-modal SBS, to
broadband optomechanical modulation achieved through the PPER and NIBS modulator

devices. These types of traveling-wave interactions provide a path to new flexible and
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tunable signal-processing operations in guided-wave systems.

Finally, all of these operations (Brillouin amplification, lasers, filtering, modulation,
etc.) were realized within integrated silicon waveguides, opening the door to incorporating
photon-phonon couplings within silicon photonics. However, since SBS interactions occur
in practically every material, these concepts may be readily adapted to other platforms,
including both fiber- and microchip-based devices.

The ultimate impact of these, and many other Brillouin-based technologies, depends on
the feasibility of their integration within complex integrated photonic circuits. In this sense,
the demonstration of flexible techniques for Brillouin-based signal processing in silicon is
particularly important, especially for Brillouin amplifiers and lasers. We hope that, in the
coming years, these new advances will lead to further innovation in Brillouin photonics, and

inspire new useful photonic-phononic devices within a variety of optical systems.
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Appendix A

Methods: Fabrication

The fabrication of the devices presented in this dissertation were performed at Yale Uni-
versity in the Applied Physics Cleanroom and at the Yale Institute for Nanoscience and
Quantum Engineering (YINQE). In this appendix, we outline the fabrication process com-
mon to these different devices.

Fabrication begins with commercial 6” silicon-on-insulator (SOI) wafers produced by
Soitec. For the devices presented in this dissertation, these wafers had a top crystalline
silicon layer with a thickness around 215 nm and a buried SiOg layer 3 um thick on top of

a Si carrier.

A.1 Preparation of Alignment Markers and SOI Chips

Square alignment markers 40 x 40 um in dimension are patterned across the waver using
a Cr/Au deposition and liftoff process on a photoresist bi-layer consisting of P(MMA-
MAA) underneath PMMA (poly-methylmethacrylate-methacrylic acid copolymer layer un-
derneath poly-methylmethacrylate resist). When patterning these markers using electron-
beam (e-beam) lithography, the more sensitive copolymer becomes overexposed, creat-
ing an undercut during development. For developing PMMA, we use isopropyl alcohol
(IPA):water [362]. Liftoff is performed in room-temperature N-Methylpyrrolidone (NMP),
with an NMP squeeze bottle used to remove any remaining metal flecks frorﬁ the surface.

Once alignment markers have been successfully patterned on the wafer, we cover the
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surface with a protective PMMA layer and dice the wafer into rectangular chips 35x22 mm

in dimension using an ADT proVectus wafer saw.

A.2 Ridge Waveguide Fabrication

Next, we write the ridge waveguide and input coupler structures. This process begins with
a standard solvent cleaning step—we place the chip in an ultrasonic cleaner for 2 minutes
each in acetone (which removes the PMMA layer), isopropy! alcohol, and water. Afterward,
we rinse the chip again with water until no droplets are observed sticking to dirt on the
surface.

For writing the silicon waveguides we use Dow Corning® XR-1541 hydrogen silsesquiox-
ane (HSQ) negative-tone photoresist, which provides high resolution and good etch resis-
tance. To preserve the quality of this relatively unstable resist (which degrades over months
even when kept in a freezer), we store it in liquid nitrogen and thaw before use [363]. The
waveguide structure designs are written using electron beam lithography and developed
using MicropositTMMFTM-312 developer (0.54 M tetramethylammonium hydroxide with
surfactant). During development, a large amount of unexposed resist is removed, causing
bubbles to form on the surface of the chip—these are removed by repeatedly removing and
dipping the chip in the developer.

After development, the waveguide structures are dry-etched using reactive ion etching
(RIE) in Cly plasma using an Oxford Instruments PlasmaPro 100 system. Prior to etching,
good quality of the gas plasma is ensured by a chamber conditioning step where a stable
plasma is achieved on a silica carrier wafer and a light blue color of the chlorine plasma is
observed. Etch rates are calibrated by using a test chip with a fixed etch time and a thin
film interferometer to measure thickness before and after etching. After calibration of the

etch rate, we etch 80 nm through the top silicon wafer to define the silicon waveguides.

A.3 Membrane and Slot Fabrication

Prior to patterning the slots which act as phononic mirrors, another ultrasonic solvent

cleaning step is performed. Note that the exposed HSQ photoresist on top of the waveguide
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positive resist
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EBL+ develop Cl2dry etch

waveguide

Figure A.l: Suspended silicon membrane waveguide fabrication, (a) Diagram of the
SOI wafer cross-section as-received, (b) depicts the wafer after HSQ resist is spun on the
surface, (c¢) e-beam lithography defines the waveguide pattern layer. After development of
the exposed layer and etching, these patterns are transferred to the silicon layer through CL
reactive ion etching, shown in (d). (e) shows the cross-section when a second positive resist is
spun on top ofthe processed wafer, (f) A second electron beam lithography and development
step defines patterns for the slot features, (g) These features are etched through the silicon
top layer through a second CL: dry etch step, (h) depicts the final structure after wet-etching
in HF. Image credit: Heedeuk Shin and Eric Kittlaus.
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structure is still present at this point.

For writing the slots, we use a positive-tone photoresist, either Zeon ZEP 520A or
Allresist CSAR 62. After spinning resist, a pre-exposure soft bake at 180° C is performed
to remove residual solvent. Slot structures are written using electron beam lithography,
with alignment to the waveguide structures facilitated by the gold alignment markers. The
positive photoresist is developed using xylenes, after which alignment between waveguide
and slot structures is verified using an optical microscope.

The slot patterns are etched using a second Cly RIE step which removes the entire
silicon top-layer where the photoresist is exposed. Thereafter, the photoresist is removed
using NMP, and another ultrasonic cleaning step is performed to ensure that the chip is
free of dirt.

Finally, the silica undercladding is removed underneath the waveguide-slot structures
using wet etching in 49% hydrofluoric (HF) acid with a few drops of Sigma-Aldrich®
Tergitol ™™ surfactant added to allow the acid solution to freely flow into the slots. Typically
the etch rate is around 1-2 um per minute, so this step lasts a few minutes to ensure that
the membrane waveguide structure is fully suspended. This step also removes the exposed
HSQ photoresist. Afterward, the chip is immediately transferred to a container containing
deionized water with Tergitol™, and then to two successive beakers of IPA for rinsing. The

chip is then allowed to air-dry.
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Appendix B

Methods: Coupling to Integrated

Waveguide Devices

In this section, we briefly describe the methods used to couple light to chip-based devices.
One important complexity of many of the optomechanical waveguides studied in this dis-
sertation is that they have several physical input and output ports. For example, the
SIMS-active waveguide and IM-PPER. devices have two inputs and two outputs for a total
of four-ports. The NIBS modulator has a total of eight ports. While the specific experimen-
tal setups used to characterize these devices consist of commercially-available fiber-coupled
active and passive components, free-space coupling to waveguide-integrated devices is facil-
itated by a combination of mechanical stages, precision-mounted fiber arrays, and on-chip

diffractive components.

B.1 Integrated Grating Couplers

To couple light in and out of our integrated optical devices, we use grating couplers [364,365],
with designs of the type shown in Fig. B.la-b. The grating coupler, with a fixed pitch
A, scatters light from a cleaved single-mode optical fiber into the planar silicon waveguide
structure. These grating couplers are fabricated in the same step as silicon ridge waveguides,
and thus share the same etch depth d = 80 nm. This process therefore allows simple

fabrication of waveguide couplers at any location on the SOI chip. In contrast to end-firing
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To device

Grating coupler  Taper Label Mode filter
d A =590nm;apodized e A =590 nm; not apodized

X3 -10- B -10-
15 -15
20- 20
25 -25
-30- 30
-35- -35-
-40- -40- » i

1.50 1.52 1.54 1.56 1.58 1.60 1.50 1.52 1.54 1.56 1.58 1.60
Wavelength (pm) Wavelength (pm)

Figure B.l: Input coupling for SOI waveguides using grating couplers, (a) shows a
schematic of an optical fiber aligned to an integrated grating coupler, with relevant grating
dimensions: pitch A, etch depth d, and filling factor f(z). (b) close-up SEM of a fabricated
grating coupler, with an apodized filling factor (c¢) depicts stitched-together SEMs showing
the entire input coupler region of a SOI ridge waveguide (d) and (e) show sample transmis-
sion data for waveguides interfaced with two apodized grating couplers (d) or two grating
couplers with a constant fill factor (e).
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with tapered structures, which have the advantage of low-loss and broadband coupling
into integrated waveguides, grating couplers are simple to fabricate, allow flexible coupling
from above the chip surface, offer high power-handling, and are mechanically robust. They
have the drawbacks of being relatively narrowband (our designs typically efficiently couple
light over ~50 nm FWHM bandwidths), and comparatively inefficient without the use of
optimized and/or multi-layer fabrication [364,366,367].

To optimize the performance of our grating couplers, we vary the filling-factor (or duty
cycle) f(z) of our gratings as a function of position. These apodized designs modulate the
grating reflectivity as a function of tooth number to mode-match to the Gaussian-like field
distribution of the optical fiber mode [364,367]. This behavior can be understood from the
fact that a grating with equal teeth matches to a scattered field profile that is exponentially
decaying in space. Therefore an optimized grating should scatter light more strongly when
it is far away from the waveguide input. One such apodized grating is depicted in the SEM
in Fig. B.1b. A comparison between the transmission spectra of fabricated apodized and
non-apodized gratings is shown in Fig. B.1d-e. Each figure shows the net transmission
through a silicon waveguide interfaced with two identical grating couplers. The device with
apodized gratings displays higher peak transmission (-4.25 dB/facet vs -7.5 dB/facet), and
better out-of band transmission than the non—apodizéd device, as well as a red-shifted center
band. These grating couplers are designed to couple to optical fibers at an angle 8° from
normal to the chip surface.

After light is routed into the silicon layer by a grating coupler, the 13-pm-wide silicon
ridge waveguide is tapered down to a single-mode width of 450 nm, and wrapped in an
s-bend. This design, shown in the top-down SEMs in Fig. B.lc, acts as a mode filter that
radiates any higher-order modal content. Thereafter, light is routed into the active device

region.

B.2 Coupling to On-chip Devices using Fiber Arrays

To address integrated waveguides on the SOI chip, we align cleaved single-mode optical

fibers to grating couplers using an experimental setup of the type diagrammed in Fig.
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to experiment to device

Figure B.2: Experimental setup for coupling light into integrated optical waveg-
uides. (a) shows an early two-port setup where optical fibers are aligned to the surface of
an SOI chip using mechanical translation and rotation stages. An optical imaging system
allows alignment of the fibers to integrated grating couplers with micron-scale position, as
shown in (b). (c) pictures an alignment setup for characterizing devices with eight total
ports. An inset is expanded in (d), showing the region where light is coupled on- and off-chip
using optical fiber arrays.
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B.2a. Throughout these experiments, the fiber axis is tiled 8° relative to the chip normal
to maximize coupling and mitigate back-reflections. Two precision three-axis linear stages
are used to couple light on- and off-chip, respectively, and are interfaced with additional
mechanical stages which allow rotational degrees of freedom as necessary. Additional linear
stages provide long-distance translation of the three-axis stages in one direction parallel to
the chip surface, while the chip itself is connected to linear stages which provide long travel
in the other two dimensions. Finally, the chip is mounted on top of a 360° rotation stage
to ensure that waveguides are aligned parallel to the optical table. An imaging microscope
system facilitates alignment of the optical fibers to the chip-based grating couplers (Fig.
B.2b).

For the multiport devices studied in Chapters 4-6, we use fiber arrays based on v-groove
assemblies, which house precisely-spaced optical fibers with a pitch matching the designed
separation between adjacent grating couplers on-chip. We fabricated two-port fiber arrays
in-house, where the fibers were designed to extend several millimeters out from the end
of the fiber array, allowing easy imaging and alignment of the fiber tips, as depicted in
Fig. B.2b. To address the eight-port NIBS modulator devices of Chapter 6, we used
commercial v-groove fiber arrays produced by OZ Optics Ltd., which contain fibers flush
with the edge of the fiber array assembly. For this experiment, alignment was facilitated
by visible-wavelength alignment lasers.

The eight-port setup is pictured in Fig. B.2¢c-d. The polarization state at each of the
four inputs and outputs is controlled by the eight fiber polarization controllers on the optical
table. Fiber arrays are mounted on 3D-printed adapters designed to position the fiber array

housing normal to the chip.
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